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ABSTRACT
Appendix A of the Standard Review Plan (U.S. Nuclear Regulatory Commission, 2015)
identified several potential non-conservatisms in the existing models for jet impingement in
high-energy piping systems as in nuclear power plants, with respect to (a) blast wave formation,
(b) jet plume expansion and zone of influence, (c) distribution of pressure within the jet plume,
and (d) jet dynamic loading. The current work performs a comprehensive literature review and
model evaluation to aid in addressing these potential non-conservatisms. Based on the results,
the model is revised and model guidance is developed.
The literature review covers important jet impingement phenomena, experimental studies, as
well as important models and CFD simulations of jet impingement. It is found that key
phenomena including jet expansion, jet impingement, and critical flow are reflected in the
existing models, but the potential blast waves and jet dynamic loading are not considered in
modeling jet impingement in nuclear power plants. The publicly available experimental studies
are reviewed and an experimental database is established for data analysis and model
evaluation. The parameters including pressure, break size, and axial distance are nondimensionalized such that the effects of the initial fluid condition and break size can be
investigated. Using this database, correlations are developed to predict the static and stagnation
pressures at the center of jets with different initial fluid conditions and break sizes.
Important jet impingement models including the Standard model (ANSI/ANS-58.2, American
Nuclear Society, 1988) and the two-phase jet load model (NUREG/CR-2913, Weigand, 1983)
are evaluated. It is found that the stagnation pressure for saturated steam jets can generally be
predicted well by the Standard model. The stagnation pressure for saturated water/two-phase
jets can also be predicted well using the Standard model for the large-scale test data (D > 0.28
m), but are underestimated for medium- and small-scale test data (D < 0.15 m). Significant
overestimation in stagnation pressure is observed for subcooled water jets in Region 1 with a
high degree of subcooling (ΔT > 40 °C), which is because the critical mass flux is significantly
overestimated using the Homogeneous Equilibrium Model (HEM). In addition, the distance
between the break plane and the asymptotic plane is also investigated. It is found that the
Standard model can predict this distance well for saturated steam jets, but overpredicts that with
100% difference for saturated water/two-phase and subcooled water jets. Although this will
predict a larger zone of influence, the pressure within the jets is still predicted conservatively in
Regions 2 and 3.
Based on the results of the literature review and model evaluation, the Standard model is
revised and model guidance is developed to address the potential non-conservatisms. The
revised model shows improved predictions for stagnation pressure. For the potential blast wave
effect, approaches based on the equivalent weight of TNT are developed to quantify the static
overpressure and the reflected pressure. For jet geometry, it is found that the jet spreading
angle for saturated steam jets in the Standard model generally agrees with the dynamic model
(Morita et al., 2016) in literature for a wide range of initial stagnation pressure conditions.
Regarding the pressure distribution within jets, it is confirmed that edge-peaking pressure
profiles are observed for saturated steam jets at far distances from the break plane (z > 3.3D);
however, the dimensionless pressures at these locations are generally less than 0.07. On the
potential jet dynamic loading effect, the justifications provided in Kauffman et al. (2019) are
reviewed and it indicates that this effect might not occur for jet impingement in nuclear power
plants.
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EXECUTIVE SUMMARY
The jet impingement due to postulated pipe rupture is of significant interest in the design and
safety analysis of nuclear power plants. The fluid within the high-energy piping systems is
discharged into the surrounding environment as a high-energy jet, leading to an extreme load
that can cause malfunction and significant damage to the surrounding structures, systems, and
components (SSCs). While models of jet impingement have been developed to assist to design
protective systems to mitigate the damage, several potential non-conservatisms in these models
have been specified following the interaction with the Advisory Committee on Reactor
Safeguards (ACRS) (Standard Review Plan, U.S. Nuclear Regulatory Commission, 2015). To
address these potential non-conservatisms, the current work performs a comprehensive
literature review and model evaluation. Based on the results, model guidance is developed to
address the potential non-conservatisms.
The current work starts with a comprehensive literature review. Key phenomena and governing
flow parameters are first identified. Pipe whip, jet expansion, jet impingement, and critical flow
are identified as the important phenomena that should be investigated. Corresponding
parameters including thrust force, jet geometry, pressure distribution, jet impingement force,
dynamic load factor, and critical flow rate should be modeled. It is found that most of the
phenomena and parameters are considered in the existing models such as the Standard model
ANSI/ANS-58.2 (American Nuclear Society, 1988) and the two-phase jet load model
(NUREG/CR-2913). However, the potential jet dynamic loading and blast waves are usually not
considered. Therefore, they are also reviewed to understand their effects on structures. Special
attention needs to be paid when extending the current studies of blast waves and jet dynamic
loading in modeling jet impingement.
The reviewed experimental studies on jet impingement cover a wide range of test facility
geometries in different scale levels. It is found that most of the experimental studies on jet
impingement were performed in the 1980s. An experimental database is established for data
analysis and model evaluation. The parameters including pressure, break size, and axial
distance are non-dimensionalized such that the effects of initial fluid condition (initial vessel
stagnation pressure, temperature, and quality) and break size on stagnation pressure can be
investigated. It is found that the initial stagnation pressure and break size have negligible effects
on the non-dimensional pressure within the jets for saturated steam (x ≥ 0.7) and saturated
water/two-phase jets (0 ≤ x < 0.7), but the initial quality for two-phase jets has significant effects.
For subcooled water jets, the degree of subcooling and the break size have significant effects
on pressure distribution. To systematically investigate these effects, additional experimental
data need to be obtained. Meanwhile, correlations are developed to predict the static and
stagnation pressures. It is found that a power law can be used to correlate the dimensionless
static and stagnation pressures at the center of the free jets, while either a power law or an
exponential function can be used to correlate the dimensionless stagnation pressure at the
center of the targets in impinging jets.
From model evaluations, the stagnation pressure within the saturated steam jets can generally
be predicted well by the Standard model. Although stagnation pressures at far distances (z >
3.3 D) can be underestimated, the dimensionless pressures at these axial locations are less
than 0.07. For saturated water jets, the stagnation pressure can be predicted well using the
Standard model for the large-scale test data (D > 0.28 m), but calculations using the Standard
model underestimate the medium- and small-scale (D < 0.15 m) experimental data. Significant
overestimation in stagnation pressure is observed for subcooled water jets with a high degree of
xix

subcooling (ΔT > 40 °C), which is because the critical mass flux is overestimated using
Homogeneous Equilibrium Model (HEM). For subcooled water jets with a low degree of
subcooling (ΔT < 20 °C), HEM underestimates the data. Unlike HEM, Henry-Fauske model
always overpredicts the experimental data, but the degree of overestimation increases as the
degree of subcooling decreases. The critical mass flux for saturated steam jets and saturated
water/two-phase jets can be predicted well by isentropic expansion model and HEM,
respectively. In addition to critical mass flux, the jet core length and the distance between the
break plane and the asymptotic plane are also investigated, which are important parameters to
define the zone of influence for jets. It is found that the Standard model can predict the jet core
length well for conditions with a low degree of subcooling (ΔT < 30 °C), but underestimates it for
conditions with a high degree of subcooling (ΔT > 30 °C). The distance between the break plane
and the asymptotic plane can be predicted well for saturated steam jets. However, it is
overpredicted with 100% difference for saturated-water/two-phase and subcooled water jets,
which indicates that a larger zone of influence is predicted. Despite this, the pressure within the
jets is still predicted conservatively by the Standard model in Regions 2 and 3. In addition, the
thrust coefficients employed in the Standard model agree well with the experimental data for
different jet regimes.
Based on the results of the literature review and model evaluation, the Standard model is
revised and the model guidance is developed to address the potential non-conservatisms, with
respect to (a) blast waves, (b) jet plume expansion and zone of influence, (c) distribution of
pressure within the jet plume, and (d) jet dynamic loading. Newly developed correlations for
core length and pressure distributions are implemented to revise the Standard model. It is
shown that the revised code can provide improved predictions for stagnation pressure for the
conditions investigated in saturated water/two-phase jets and subcooled water jets. On the
potential blast wave effect, the transcript of the Advisory Committee on Reactor Safeguards
(ACRS) subcommittee meeting is first reviewed. However, technical basis that can provide one
to assess the conditions whether the blast wave is or is not significant could not be established.
To quantify the potential blast wave effect, the TNT approach in the detonation research is
employed. Two methods are developed to calculate the released energy or the equivalent
weight of TNT based on conservative assumptions. As such, the static overpressure and the
reflected pressure can be calculated. For jet geometry, dynamic models to predict the jet
spreading angle for saturated steam and flashing jets are reviewed. It is found that the jet
spreading angle for saturated steam jets in the Standard generally agrees with the dynamic
model in literature (Morita et al., 2016) for a wide range of initial stagnation pressure conditions.
Regarding the pressure distribution within jets, it is confirmed that edge-peaking pressure
profiles can be observed for saturated steam jets at far distances from the break plane (z > 3.3
D); however, the dimensionless pressures at these locations are generally less than 0.07. On
the jet dynamic loading effect, the justifications provided in Kauffman et al. (2019) are reviewed
and it indicates that dynamic amplification and resonance of impinged downstream structures
and components might not occur for jet impingement in nuclear power plants.

xx

ACKNOWLEDGMENTS
This research is supported by Energy Research Inc. (ERI) as part of the U.S. Nuclear
Regulatory Commission (NRC) Contract.
This report was prepared as an account of work sponsored by an agency of the U.S.
Government. Neither the U.S. Government nor any agency thereof, nor any of their employees,
makes any warranty, expressed or implied, or assumes any legal liability or responsibility for
any third party’s use, or the results of such use, of any information, apparatus, product, or
process disclosed in this report, or represents that its use by such third party would not infringe
privately owned rights. The views expressed in this paper are not necessarily those of the U.S.
Nuclear Regulatory Commission.

xxi

ABBREVIATIONS
ACRONYMS
ACRS
ANSI/ANS
BWR
CFD
CHARTD
CRIEPI
CSQ
DLF
ENEA
EPRI
GSI
HEM
HF
ID
JAERI
KWU
LOCA
LU-SGS
MDOF
MUSCL
NEI
NRC
PIV
SDOF
SFM
SLAU
SSC
TNT

Advisory Committee on Reactor Safeguards
American National Standard Institute/American Nuclear Society
Boiling Water Reactor
Computational Fluid Dynamics
Coupled Hydrodynamics And Radiation Transport Diffusion
Central Research Institute of Electric Power Industry
CHARTD Squared
Dynamic Loading Factor
Energia Nucleare ed Energie Alternative
Electric Power Research Institute
Generis Safety Issues
Homogeneous Equilibrium Model
Henry-Fauske
Inner Diameter
Japan Atomic Energy Research Institute
Kraftwerk Union
Loss of Coolant Accident
Lower-Upper Symmetric-Gauss-Seidel
Multi-Degree of Freedom
Monotone Upstream-centered Schemes for Conservation Law
Nuclear Energy Institute
Nuclear Regulatory Commission
Particle Image Velocimetry
Single Degree of Freedom
Separated Flow Model
Simple Low-dissipation Advection Upstream Splitting Method
Sturctures, Systems and Components
Trinitrotoluene

VARIABLES
ajet
aamb

A pipe

A
Aa
Ae
Af,a
Ag,a
Aj
Aje
CD
CT
D
Deff
Dje

Jet speed of sound [m/s]
Ambient speed of sound [m/s]
Pipe external surface area [m 2]
Area [m 2]
Jet area at the asymptotic plane [m 2]
Break area [m 2]
Asymptotic plane area occupied by liquid [m 2]
Asymptotic plane area occupied by gas [m 2]
Jet area [m 2]
Jet area at the break plane [m 2]
Discharge coefficient [-]
Thrust coefficient [-]
Break size [m]
Effective break diameter [m]
Jet diameter at the break plane [m]
xxiii

Djet
Dnozzle
DP
f
fmin
fP
Fb
Fj

Jet diameter [m]
Nozzle diameter [m]
Pipe diameter [m]
Frequency [Hz]
Minimum axisymmetric mode resonance frequency for supersonic jet [Hz]
Pipe Darcy friction factor [-]
Jet blowdown force [N]
Impinging force [N]

F

Vector sum of external forces [N]
Gravitational constant [ft/s2]
Mass flux [kg/(m 2s)]
Critical mass flux [kg/(m 2s)]
Enthalpy [kJ/kg]
Specific stagnation enthalpy [J/kg]
Latent heat of vaporization [J/kg]
Width of the asymptotic plane [m]
Ratio of specific heats [-]
Distance between measurement point and break [m]
Distance from the break plane to the asymptotic plane [m]
Jet core length [m]
Pipe or nozzle length [m]
Fluid mass [kg]
Mass flow rate [kg/s]
Mach number [-]
Static pressure [Pa]
Ambient pressure [Pa]
Static pressure at the exit plane [Pa]
Dimensionless static pressure [-]
Stagnation pressure [Pa]
Dimensionless stagnation pressure [-]
Initial stagnation pressure [Pa]
Stagnation pressure at the center of jets [Pa]
Exit pressure for isentropic flow [Pa]
Fluid static pressure at the break plane [Pa]
Fraction of channel’s perimeter covered with gas [-]
Fraction of channel’s perimeter covered with liquid [-]
Interfacial perimeter [m]
Reflected pressure [Pa]
Static overpressure [Pa]
Radial distance from the center of jets [m]
Universal gas constant [J/(K∙mol)]

→

gc
G
Gcr
h
h0
hfg
Ha
k
L
La
Lc
LP
m
𝑚𝑚̇
M
p
pamb
pe
p*
P
P*
P0
Pc
Pcr
Pe
PFg
PFf
Pi
Pr
Ps
r
R
→

R

s
s fg
S
St
Stcut-off
t
t’
t*

Pipe reaction force acting on the fluid [N]
Entropy [J/K]
Entropy difference between saturated vapor and saturated liquid [J/K]
Slip ratio [-]
Strouhal number [-]
The minimum Strouhal number for helical modes in supersonic [-]
Time [s]
Time required to reach the stagnation pressure [s]
Time at which pressure changes from positive to negative [s]
xxiv

ΔT
T
Te

Degree of subcooling [°C]
Thrust force [N]
The thrust force acting on pipe in the jet direction [N]

T

u
ua
ue
uf
ug
Ujet
US
Ucr

Fluid thrust force vector on pipe [N]
Velocity [m/s]
Jet velocity at the asymptotic plane [m/s]
Jet velocity at the break plane [m/s]
Liquid phase velocity [m/s]
Gas phase velocity [m/s]
Jet velocity [m/s]
Blast wavefront velocity [m/s]
Critical flow velocity for isentropic flow [m/s]

u
ν M,a
vf
vg
V
W
Wa
Wf
Wj
Wjf
x
Y
z
za
zc
z*
Z

Fluid velocity vector [m/s]
Momentum specific volume at asymptotic plane [kg∙m/s]
Specific volume of liquid [m 3/kg]
Specific volume of gas [m 3/kg]
Fluid control volume [m 3]
Equivalent weight of TNT [kg]
Jet width at asymptotic plane [m]
Separation distance [m]
Jet width [m]
Jet width corresponding to Ajf [m]
Steam quality [-]
One half of the smaller of the object front’s height or base width [m]
Axial distance downstream of the break plane [m]
Distance between the break plane and the asymptotic plane [m]
Jet core length [m]
Dimensionless axial distance [-]
Scaled distance or Hopkinson-Cranz scaling law [m/kg1/3]

→

→

GREEK SYMBOLS
α
β
θ
ρe
ρ
σi
τFg τFf
τi
Гfg
φ
ω
Ω
SUBSCRIPTS
0
a

Void fraction [-]
Frequency of damping [1/s]
Angle [rad]
Density at the exit plane [kg/m3]
Momentum density [kg/m3]
First positive zero of the order 1 Bessel Function
Shear stress between the gas layer and the wall [Pa]
Shear stress between the liquid layer and the wall [Pa]
Interfacial shear stress [Pa]
Rate of mass transfer due to evaporation at gas-liquid interface [kg/(m2∙s)]
Subcooling parameter [-]
Frequency of the structure [1/s]
Frequency of load [1/s]
Stagnant condition
Asymptotic plane

xxv

amb
c
cr
e
eff
exp
f
g
i
in
j
out

Ambient condition
Center
Critical condition
Break plane
Effective nozzle diameter
Experimental values
Liquid
Gas
Interface
Into the control volume
Jet
Out of the control volume

xxvi

1 INTRODUCTION
The jet impingement due to postulated pipe rupture is of significant interest in the design and
safety analysis of nuclear power plants. In nuclear power plants, most of the pipes are defined
as a high-energy piping system (the maximum operating pressure exceeds 1.9 MPa or the
maximum operating temperature exceeds 93.3°C during normal plant operating conditions) as
in ANSI/ANS-58.2 (1988). When pipe rupture occurs, the fluid within the high-energy piping
systems is discharged into the surrounding environment as a high-energy jet. Extreme load due
to jet impingement after the pipe break can cause malfunction and significant damage to the
surrounding structures, systems, and components (SSCs). In order to design protective systems
to mitigate the damage from jet impingement, the consequences of a pipe break need to be well
understood and properly modeled.
Three major phenomena are of interest for jet impingement in high-energy pipe rupture events,
namely; jet impingement on the SSCs, jet expansion, and pipe whip. Jet impingement on the
SSCs is the force exerted by the jet on the target and it directly determines the impact on the
target, which in turn determines the integrity of the target component. To quantify the effect of
jet impingement on the target, the impingement force needs to be calculated. For jet expansion,
parameters of interest include jet geometry and pressure distribution within the jet. These two
parameters govern the decay and evolution of the jet, which determine the zone of influence
and the development of the jet in the spatial domain. Depending on the initial conditions of the
fluid in the pipe before the break, the jet may expand due to the compressibility of gas, which
determines the jet geometry. On the other hand, the stagnation pressure distribution in radial
and axial direction within the jet characterizes the strength of jet. As such, the impingement
force can be calculated by integrating the local pressure over the target. When jet impingement
occurs, the fluid jet from a break in the high-energy piping system could significantly change the
flow characteristics within the piping system, creating reaction forces on the piping system. If no
protective device is installed such as pipe restraints, pipe whip can occur and cause rapid
motion of the ruptured pipe. This reaction force on the piping system is the thrust force. Apart
from these phenomena, the critical flow is also an important phenomenon of incompressible
jets. While impingement force, jet geometry, pressure distribution, and thrust force are first-order
parameters of interest, the critical flow rate is the second-order parameter of interest. This is
because the flow rate is often involved in modeling the first-order parameters. The accuracy of
predicting the critical flow rate determines the calculation accuracy for some of the first-order
parameters.
In fact, the jet impingement is a complicated phenomenon that is affected by various factors.
The factors that play important roles on jet impingement are identified as follows: (a) initial flow
conditions (e.g., system pressure, temperature, and flow regime); (b) break conditions (e.g.,
direction, shape, edge treatment, and break size); and (c) target conditions (e.g., impingement
distance and target geometry). In literature, experimental studies have been performed to
investigate the jet impingement phenomena and most of the experimental studies were
performed in the 1980s. Those include large-scale Marviken test (Marklund, 1985a, 1985b),
medium-scale JAERI test (Isozaki et al., 1984; Yano, 1984; Yano et al., 1984, 1983) and
Ontario-Hydro test (Forrest et al., 1987), and small-scale Mitsubishi test (Kawanishi et al., 1986;
Kitade et al., 1979; Masuda et al., 1981), ENEA test (Celata et al., 1986), KWU test (Kastner
and Rippel, 1988), and CRIEPI-Hitachi test (Morita et al., 2016; Takahashi et al., 2016; Xu et al.,
2016). Most of the work has investigated the pressure distribution, thrust force, and
impingement force.
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Due to the importance of the jet impingement in nuclear power plants, both theoretical and
empirical models have been developed to predict the important parameters. The models
presented in ANSI/ANS-58.2 (1988) appendices and NUREG/CR-2913 (Weigand et al., 1983)
are among the most widely used models for jet impingement, which have been employed in the
design and safety analysis in nuclear power plants. In this document, the ANSI/ANS-58.2 (1988)
model is referred to as the Standard model. The Standard model is a series of formulas while
the two-phase jet load model in NUREG/CR-2913 (Weigand et al., 1983) is a series of look-up
tables.
However, the Advisory Committee on Reactor Safeguards (ACRS) has identified several
potential non-conservatisms in the existing models (Standard Review Plan, 2015:
ML14230A035). The potential non-conservatisms are identified in the following phenomena:
blast waves, jet plume expansion and zone of influence, distribution of pressure within the jet
plume, and jet dynamic loading.
A blast wave is the first significant fluid load on surrounding SSCs in the event of a highpressure pipe rupture. The way blast wave expands, reflects and amplifies needs to be
accounted for in the model (Standard Review Plan, 2015: ML14230A035). However, blast
waves are not considered in the Standard model.
For jet geometry, the standard assumes that a jet originating from a high-pressure pipe break
will always spread with a fixed 45-degree angle up to an asymptotic plane and subsequently
spread at a constant 10-degree angle. However, the jet spreading is highly dependent on the
condition of the jet to the ambient condition (Standard Review Plan, 2015; Morita et al., 2016,
2018). Additionally, it has been shown that supersonic jet behavior can persist over far longer
distances from the break than those calculated by the models in ANSI/ANS-58.2 (1988)
(Standard Review Plan, 2015).
As for the pressure distribution within a jet plume, the standard assumes variable pressure over
the jet cross-section for expanding jets. To calculate the spatial distribution of pressure, the
standard assumes that the pressure within the jet is maximum at the jet centerline. However,
this assumption can be invalid far from the break, where peaking near the edges of the jet is
observed (Kitade et al., 1979; Masuda et al., 1981).
Another effect that is not considered in the existing models is jet dynamic loading. The
unsteadiness in supersonic jets tends to propagate in the shear layer and induce time-varying
oscillatory loads on obstacles in the flow path. Synchronization of the transient waves with the
shear layer vortices emanating from the jet break can lead to significant amplification of the jet
pressures and forces (Standard Review Plan, 2015). Moreover, the jet loading time scales can
synchronize with the response of the neighboring structure, leading to further amplification of
the loading. However, this resonance is not considered in the Standard model. In addition, the
backward-propagating transient shock and expansion waves, generated by the interaction
between jet and obstructions, are not considered in the Standard model.
In view of this, the objective of the current study is to address the identified potential nonconservatisms (Standard Review Plan, 2015) through a comprehensive literature review and
model evaluation. Model guidance regarding the potential non-conservatisms will be developed
based on the results of the literature review and model evaluation.
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2 LITERATURE REVIEW
2.1

Review of Jet Impingement Phenomena

To perform an effective and comprehensive literature review, key phenomena and governing
flow parameters are first identified in this section. Pipe whip, jet expansion, jet impingement and
critical flow are the key phenomena that should be investigated.
2.1.1

Pipe Whip

The fluid jet from a break in high-energy piping system could significantly change the flow
characteristics within the piping system, creating reaction forces on the piping system. This
force acting on the ruptured pipe is a function of time and space, and depends upon the fluid
state within the pipe prior to rupture, break flow area, frictional losses, plant system
characteristics, piping system geometric design, and other factors (ANSI/ANS-58.2, 1988). The
derivation of thrust force is presented in the Appendix A of ANSI/ANS-58.2 (1988). The
derivation starts with Newton’s second law of motion:

d

∑ F = ∑ dt  m u 
→

where

→

(2-1)

→

∑ F is vector sum of all external forces acting on the control volume (c.v.), m is the fluid
→

mass in control volume and u is the fluid velocity vector. A generalized control volume is shown
in Figure 2-1. The momentum time rate of change can be expressed as:
→
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forces is:
→

→

→

→

R − ∫ Pd A
∑F =
∫ Pd S =

in

c. s.

−

Ain

∫

→

Pd Aout

(2-3)

Aout
→

Therefore, the pipe reaction force acting on the fluid, R , minus the ambient pressure force is
equal to the reaction thrust force acting on the pipe, but in the opposite direction. Combining
Equations (2-2) and (2-3), the thrust force is:
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(2-4)

where P is the fluid pressure within the pipe, pamb is the ambient pressure and A is the pipe
cross sectional area. For steady-state flow conditions, assuming uniform flow at any crosssection area and a constant flow area denoted as Ae, the thrust force becomes:

−  ρ ue2 Ae + pe Ae − pamb Ae 
T=

(2-5)

where T is the thrust force acting on pipe in the flow direction, Ae is the break area, and pe is the
fluid static pressure at the break plane. In literature, a thrust coefficient is usually defined to
calculate thrust force:

CT =

T
( pe − pamb ) Ae

(2-6)

This thrust coefficient can be predicted by measuring the thrust force T or by theoretical
derivation, which will be discussed in Section 2.2.2.1.

Figure 2-1 Generalized Control Volume (Image from ANSI/ANS-58.2, 1988)
2.1.2

Jet Expansion

The jet geometry and pressure distribution are greatly affected by the initial conditions of the jet
including initial flow conditions and break conditions. The initial flow conditions are system
pressure, temperature and quality, while the break conditions are the direction, shape, edge
treatment, and size of the break.
For high-energy piping systems as in nuclear power plants, the high pressure and hightemperature fluid inside the pipe is discharged into the atmosphere and expands with
supersonic velocities downstream of the break. For jet geometry, the jet extension can be
investigated by visualization studies using a high-speed camera (Celata et al., 1986), particle
image velocimetry (PIV) (Morita et al., 2016; Takahashi et al., 2016; Xu et al., 2016), X-rays
(Celata et al., 1986), or through pressure and temperature measurements (Kawanishi et al.,
1986; Masuda et al., 1981). Due to the simplicity of jet visualization, the high-speed camera has
been often employed in the literature. The obtained images can be analyzed to acquire jet
geometry information. Particularly, the photographic images and PIV images can be employed
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to define the jet boundary, and X-ray images can be used to investigate the high-density jet core
for steam-water mixture jets. The pressure and temperature measurements can generate localpoint results, and usually require some interpolation or extrapolation. Meanwhile, a threshold for
pressure is needed to determine the jet boundary. Due to the measurement inaccuracies and
errors, ambient pressure may not be a good criterion.
The pressure distribution also depends on the target condition. When supersonic jets encounter
a target, a shock wave forms in the flow field at a short distance from the target. The
thermodynamic properties downstream of this shock determine the pressure field and load on
the target. The shock exists because the fluid needs to deaccelerate rapidly in a very short
distance. This shock wave can be characterized as an instantaneous, irreversible compression
of the fluid. The energy for performing this irreversible compression comes from the kinetic
energy of the upstream fluid. Since this process is irreversible, the kinetic energy decreases and
the entropy increases across the shock. As a result, stagnation pressure decreases.
2.1.3

Jet Impingement

Jet impingement on the SSCs directly determines the impact on the target, which in turn
determines the integrity of the target component. Therefore, it is important to investigate jet
impingement. This can be done by predicting a static jet impingement force, in addition to
accounting for the effects of jet dynamic loading and blast wave.
2.1.3.1 Jet Impingement Force
In jet impingement, the force exerted by the jet on targets is of particular importance. Unlike the
thrust force and jet geometry, this force depends not only on the initial conditions of the jet, but
also the target conditions (ANSI/ANS-58.2, 1988). Target conditions such as target axial
distance, target radial location, target shape, area, and orientation greatly affect the jet load on
targets. If the target is large enough and the entire jet is intercepted, then the entire jet force is
applied to the target. If the target intercepts a fraction of the jet, then the jet pressure distribution
over the target must be integrated over the target area to obtain the jet force.
2.1.3.2 Jet Dynamic Loading
For high-speed jets, especially supersonic jets, the unsteadiness in the jets tend to propagate in
the shear layer, which can induce time-varying oscillatory loads on the targets. When interacting
with obstructions, the typical supersonic jet will generate backward-propagating transient shock
and expansion waves. This will enhance the unsteadiness in the downstream shear layers.
Once the dynamic jet loading on the target synchronizes with the dynamic response of the
neighboring structure, resonance can occur and cause further amplification of the loading. This
jet dynamic loading effect has not been considered in the existing jet impingement models.
An Areva report (Areva NP Inc., 2013) discusses this dynamic loading effect on surrounding
SSCs and provided a modeling approach for jet dynamic loading in nuclear power plants. The
approach is to first calculate the resonance frequency of the jet and then compare with that of
surrounding structures to determine the dynamic loading factor. However, it needs to be noted
that this approach was developed for applications in Aerospace Engineering and may not be
directly applicable to the current work. Additional assessments using experimental data may
need to be made to evaluate this modeling approach, such that it can be adopted for jet
impingement in nuclear power plants.
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2.1.3.2.1 Jet Resonant Frequency
The jet resonant frequency has been investigated for single-phase gas in the literature. Nosseir
and Ho (1979) and Ho and Nosseir (1981) presented air-jet data and analysis used in
calculating the resonant frequency of high-speed subsonic jets (0.7 < M < 1.0) at target
distances (z/D) less than 7.5. Tam and Ahuya (1990) presented theoretical background and
experimental data to calculate the minimum jet resonant frequencies for supersonic jets (M >
1.0). Both axisymmetric and helical mode shapes jets are considered. It was also demonstrated
that this approach can be employed to predict the minimum resonance frequency for subsonic
jets. The study by Henderson (2002) has shown that when NPR (nozzle pressure ratio) is
greater than 3.38 and the target distance (z/D) exceeds 5, the resonance in the jet is unlikely to
occur.
For supersonic axisymmetric modes jet, the minimum frequencies can be calculated based on
the study by Tam and Ahuya (1990):

f min =

σ iU jet

π D jet M ( a jet aamb )

{

}

( aamb a jet ) + M  − 1


2

0.5

(2-7)

where fmin is the minimum axisymmetric mode resonance frequency for supersonic jet, σi is the
first positive zero of the order 1 Bessel Function, Ujet is the jet velocity, Djet is the jet diameter, M
is the jet Mach number, ajet is the jet speed of sound and aamb is the ambient speed of sound.
For subsonic axisymmetric modes and supersonic helical modes, the frequencies of the jets (fjet)
can be calculated using the Strouhal number, where Strouhal number is defined as:

St =

f jet Dnozzle

(2-8)

U jet

where fjet is the jet frequency, Dnozzle is the characteristic length (nozzle diameter), and Ujet is jet
velocity. Tam and Ahuya (1990) plotted a relation between Strouhal number and Mach number
for axisymmetric modes in subsonic jet and helical modes in supersonic jet as shown in Figure
2-3. For high subsonic jets, the instability waves can only be axisymmetric, while for supersonic
jets, they can be either axisymmetric or helical. For the wave mode (n,m) in Figure 2-2, the first
number in the bracket (n) is the azimuthal wave number and the second one (m) is the radial
wave number. Stcut,off is the minimum Strouhal number for supersonic helical modes. When n is
0 it is the axisymmetric wave mode and when n is 1 it is the helical wave mode. For both
subsonic and supersonic jets, the least dispersive model (m = 1) is the only possible mode of
resonance. It needs to be noted that the approaches provided by Tam and Ahuya (1990) are
only to calculate the minimum frequencies for jet resonance. The natural frequencies of
surrounding SSCs need to be determined to evaluate the dynamic loading effect.
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Figure 2-2 Relation between Strouhal Number and Mach Number for (a) Subsonic
Axisymmetric Modes (0,1) Mode and (b) Supersonic Helical Modes (Tam and
Ahuya, 1990)
2.1.3.2.2 Dynamic Loading Factor (DLF)
The Areva report ANP-10318NP (Areva NP Inc., 2013) discussed the dynamic load factor for
idealized single degree of freedom (SDOF) structures and multi-degree of freedom (MDOF)
structures. The DLF with a sinusoidally varying load from Biggs (1964) was employed to
calculate the DLF for SDOF structures. The relation between DLF, Ω/ω (frequency of load to the
frequency of the structure), and β/ω (frequency of damping to the frequency of the structure) is
shown in Figure 2-3. As shown in the plot, the damping significantly reduces the DLF.
Meanwhile, when the Ω/ω is greater than 1.4, the DLF is always less than 1, independent on the
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damping effect. This indicates the dynamic loading effect does not need to be evaluated when
the minimum jet frequency is at least 40% greater than the frequency of target structures.

Figure 2-3 Dynamic Load Factor (DLF) with a Sinusoidally Varying Load (Biggs, 1964)
2.1.3.3 Blast Wave
In high-energy pipe rupture events, the first significant fluid load on surrounding SSCs may be
induced by a blast wave. This blast wave may create an extreme load on the SSCs within a
short time period. While there have been limited studies in investigating the impact of blast wave
in jet impingement, extensive studies have been performed in weapon design or building design
to understand the impact of blast waves in detonation.
The blast wave is characterized by increased pressure and flow due to the release of a large
amount of energy in a small volume. It is an area of compressed air expanding supersonically
outward from an explosive core, which has a leading shock at the front of the compressed
gases. As the wave propagates away from the explosive core, the pressure of the compressed
air at the blast wave front reduces. Meanwhile, the pressure at the explosive core falls below
ambient atmospheric levels as cooling and expansion continues. This occurs because the
velocity of the gas particles causes them to over-expand slightly before the momentum is lost
(Neff, 1998). As a result, the negative pressure draws items back in towards the center.
2.1.3.3.1 Blast Wave Form
The simplest form of a blast wave is described as the Friedlander waveform (Friedlander, 1946).
This is when the blast wave is in the free field and there is no surface nearby to interact with the
blast wave. The following equation describes the pressure as a function of time for blast waves:

P ( t ) Ps e
=

−

t
t*

t 

1 − * 
 t 

(2-9)
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where P(t) is the pressure as a function of time at the explosive core, Ps is the peak static
overpressure and t* is the time at which the pressure changes from positive value to negative
value. At time equals to 2t* , the pressure reaches minimum value where Pmin = -0.135Ps . A
schematic drawing of the pressure profile for Friedlander waveform is shown in Figure 2-4.

Figure 2-4 Typical Blast Wave Pressure Profile as a Function of Time (Friedlander, 1946)
Apart from the peak static overpressure Ps , there are several more important wavefront
parameters, including static density ρs , maximum dynamic pressure Qs , and the blast wavefront
velocity Us . The following equations presented by Rankine and Hugoniot in 1870 (Smith and
Hetherington, 1994) can be used to calculate the above parameters for normal reflections based
on Ps :

6 Ps + 7 pamb
a amb
7 pamb

Us =

(2-10)

ρs =

6 Ps + 7 pamb
ρ amb
Ps + 7 pamb

(2-11)

Qs =

5 Ps 2
2 ( Ps + 7 pamb )

(2-12)

where pamb, aamb, and ρamb are the pressure, speed of sound and density of air in ambient
conditions ahead of the blast wave. Therefore, the determination of overpressure Ps is the key
to calculate other parameters. There have been two approaches to calculate Ps based on the
scaled parameter Z:

Z=

r
W

(2-13)

1
3

where Z is the scaled distance or Hopkinson-Cranz scaling law, r is the radius from the center of
the explosion given in meters and W is the equivalent weight of TNT given in kilograms. For jet
impingement, this equivalent weight of TNT can be obtained by measuring the initial energy
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released from the sudden break. The first approach to calculate Ps is developed by Brode
(1955):
 6.7

5
P=
s
 3 + 1 × 10 [ Pa ]
Z


Ps= (

for Ps > 106 pa

(2-14)

0.975 1.455 5.85
+
+ 3 − 0.019) × 105 [ Pa ]
2
Z
Z
Z

for 105< Ps < 106 pa

(2-15)

The equations presented by Henrych (Smith and Hetherington, 1994) divide the analysis into
three fields: a near, middle and far field.

14.072 5.540 0.357 0.00625
) × 105 [ Pa ]
Ps = (
+
−
+
2
3
4
Z
Z
Z
Z
Ps = (

for 0.05< Z < 0.3
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−
+
) × 105 [ Pa ]
Z
Z2
Z3

for 0.3< Z < 1
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0.662 4.05 3.288
+ 2 + 3 ) ×105 [ Pa]
Z
Z
Z

for 1< Z < 10

(2-18)

Ps= (

Weggel (2010) also presented a correlation between Ps and Z, which is from US Department of
the Army (2008). As shown in Figure 2-5, the approaches by Henrych (Smith and Hetherington,
1994) and Weggel (2010) can also predict the experimental data relatively better than Brode
(1995).

Figure 2-5 Comparison between Brode Equations, Henrych Equations, and Weggel Correlation
with Experimental Data (Baker et al., 1983)
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2.1.3.3.2 Reflections
In general, it is considered to be reasonable to assume a spherical blast wave, and this
assumption can simplify the analysis of the wave transport and wave effects. However, in
nuclear power plants, the expansion of the potential blast wave may happen in an enclosed
space. The blast wave can diffract through a narrow opening and refract as they pass through
materials. When a blast wave reaches the boundary between two different materials, it can be
transmitted, absorbed, and reflected. The reflection/deflection of blast waves from walls and
neighboring structures may create complex behavior of the wave and increase the wave
duration (Neff, 1998).
The reflections of blast wave are divided into three categories based on the incident angle:
normal reflections, oblique reflections and Mach stem formation. Normal reflections occur when
the incident angle is zero and oblique reflections occur when the incident angle is small, less
than approximately 40° in air. Mach stem formation occurs for large angles of incidence. When
a blast wave reflects off the ground and the reflection reaches the original shock front, this
creates a high-pressure zone that extends from the ground up to a certain point called the triple
point at the edge of the blast wave (Neff, 1998).
The total pressure experienced by the object is the peak reflected pressure Pr, which is a
combination of static (Ps ) and dynamic (Qs ) pressure. For normal reflections, Pr is given by:

Pr = 2 Ps + (γ + 1) Qs

(2-19)

The following relation is obtained for air (γ = 1.4):

Pr = 2 Ps

7 pamb + 4 Ps
7 pamb + Ps

(2-20)

These relations are derived from the Rankine-Hugoniot relation (Smith and Hetherington, 1994).
Although these correlations are derived to model the blast wave in detonation, they are
independent of the energy source (e.g., explosion). Therefore, they are used to quantify the
potential blast wave in Section 4.2.1.
2.1.3.3.3 Dynamic Loading of Blast Wave
The first load on the target will be the reflected pressure. Since this reflected pressure is much
higher than the surrounding medium, this will generate a flow from high pressure region to lower
pressure air surrounding the object. A rarefaction wave is developed to dissipate the excess
pressure. The pressure drops to the stagnation pressure (P):

P=
( t ) Ps ( t ) + Qs ( t )

(2-21)

The time required to reach the stagnation pressure from the initial reflected pressure load is
approximately:

t' =

3Y
Us

(2-22)
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where Y is one half of the smaller of the object front’s height or base width. This parameter
represents the minimum distance the dissipation wave must travel. Once the stagnation
pressure is reached, the load will follow the stagnation pressure curve for the remaining load.
More detailed discussion can be found in Smith and Hetherington (1994).
2.1.4

Critical Flow

Critical flow, also referred to as choked flow, is encountered in many engineering devices such
as nozzles and throttling valves. The critical flow rate is the maximum flow rate that can be
attained by a compressible fluid as it flows from a high-pressure region to a low-pressure region.
For incompressible flow, the flow rate can be increased by reducing the receiving region
pressure. For compressible flow, the decrease in downstream pressure causes an increase in
the flow rate, but choking flow is achieved when further reduction of the downstream pressure
no longer affects the flow rate. This situation occurs for both single gas flow as well as twophase gas-liquid mixture flows.
2.1.4.1 Compressible Gas Flow
For compressible flow, the ideal gas law is employed in calculating the critical flow conditions.
The critical flow is identical to the mass flow at the sonic speed for isentropic conditions. The


critical flow velocity (Ucr), mass flow rate ( m ), and exit pressure (Pcr) for isentropic flow have
been discussed extensively in the literatures (Shapiro, 1953; Webb, 1976; Todreas and Kazimi,
2011) and are summarized as follows:
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 2k

U cr = 
RT0 
 k +1

𝑘𝑘
2
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 2 
Pcr = P0 

 k +1

( 𝑘𝑘+1) / ( 𝑘𝑘−1)

k ( k −1)

(2-23)

𝑃𝑃0
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where k is the ratio of specific heats (Cp/Cv ), R is the universal gas constant, T0 is the stagnation
temperature (°R) and P0 is the stagnation pressure (psia).
2.1.4.2 Two-phase Gas-liquid Mixture Flow
For two-phase mixture flow, there are critical flow models based on the Homogeneous
Equilibrium Model (HEM) and the Separated Flow Model (SFM). The HEM treats a two-phase
mixture as a pseudo fluid with uniform properties across the flow area. The model also assumes
equal phase velocities and uniform velocity across the flow area. The SFM treats the two
phases with their individual properties and velocities. The simplest SFM is the Slip Flow Model,
which assumes uniform velocities within each phase and allows for velocity differences between
two phases. The critical flow rate can be derived from the momentum equations for two-phase
flow in a pipe based on the Slip Flow Model (Kim and Mudawar, 2015):
2-10

d
dP
ρ g ug2 Ag ) − Γ fg ui = −α A
− τ Fg PFg − τ i Pi − ρ g gα A sin θ
(
dz
dz
d
dP
ρ f u 2f Af ) + Γ fg ui = − (1 − α ) A
− τ F f PF f + τ i Pi − ρ f g (1 − α ) A sin θ
(
dz
dz

(2-26)
(2-27)

where Гfg, ui, τFg, τFf , τi, PFg, PFf , and Pi are rate of mass transfer due to evaporation at the gasliquid interface, interfacial axial velocity, shear stress between the gas layer and the wall, shear
stress between the liquid layer and the wall, interfacial shear stress, fraction of channel’s
perimeter covered with gas, fraction of channel’s perimeter covered with liquid, and interfacial
perimeter. It can be shown that the critical mass flux (Gcr) is:
 d  1 
Gcr =
−  ' 
 dP  ρ  

−1 2

 d ν x 2 ν (1 − x )2  
g
f


=
+
−
(1 − α )  
 dP  α

−1 2
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where x is flow quality, α is void fraction, ν f and ν g are specific volume of liquid and gas, and ρ′ is
the momentum density:
1
=
'

ρ

(1 − x )
+
ρ gα ρ f (1 − α )
x2

2

(2-30)

By introducing the slip ratio, S, which is defined as the ratio of gas velocity to liquid velocity:

S=

ug

(2-31)

uf

the critical mass flux becomes:
  2 x (1 − x )  dν g

dν f
2
+ (1 − x ) + Sx (1 − x ) 
+
  x +



 dP
S
 
 dP

Gcr = − 

ν g (1 − 2 x )
ν g  dS  
 dx

 
+ ν f S (1 − 2 x ) − 2ν f (1 − x ) 
− x (1 − x ) ν f − 2 
   2ν g x −
S
S  dP  

 dP
 


−1 2

(2-32)

There have been different models developed for slip ratio. In HEM, the slip ratio is set to be 1. In
Fauske model (Fauske, 1962), the slip ratio of (ν g/ν f )1/2 was obtained by minimizing the
momentum density:
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∂
 xug + (1 − x ) u f  =
0
∂S 

(2-33)

Moody (1965) developed a model for slip ratio based on the assumption of isentropic two-phase
annular flow through a nozzle. The slip ratio of (ν g/ν f )1/3 was obtained by maximizing the twophase flow rate:
2
2
∂  xu g (1 − x ) u f 
+
0

=
∂S  2
2 

(2-34)

where h0, hf , hg and hfg is the specific stagnation enthalpy, liquid enthalpy, gas enthalpy, and
latent heat of vaporization, respectively. s 0, s g, s f and s fg is the stagnation entropy, entropy of
saturated vapor, entropy of saturated liquid, and entropy difference between saturated vapor
and saturated liquid, respectively. This slip ratio obtained by Moody (1965) is identical to that by
Zivi (1964). Based on the experimental study by D’Auria and Vigni (1981) (as cited in Cumo,
1983), the homogeneous assumption at the break exit is more appropriate than the slip
correlations such as (ν g/ν f )1/3 by Moody (1965), and (ν g/ν f )1/2 by Fauske (1962).
In a recent work by Petrovic and Stevanovic (2016), a new model for two-phase critical flow is
developed by considering the effects of void fraction and two-phase mixture density on slip ratio.
The two-phase mixture critical velocity is calculated using the frozen sonic velocity:
 ∂ρ 
c=

 ∂p 

−

1
2

(2-35)

where ρ is the mixture density:

=
ρ

α (1 − α )
+
νg
νf

(2-36)

and α is void fraction of gas phase:

α=

1
1− x ν f
1+
S
x
νg

(2-37)

In Equation (2-37), the slip ratio is calculated by the following equation:
0.5

ν g

− 1 
S = min  1 + x 
ν


f





,

ν g

ν f
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2.2

Review of Jet Impingement Experiments

This section performs a comprehensive literature review on the experimental studies of jet
impingement.
2.2.1

Overview of Experimental Studies

After a literature review, it is found that most of the experimental studies were performed in
1980s. Some of studies including large-scale Marviken test (Marklund, 1985a, 1985b) and
small-scale ENEA test (Celata et al., 1986) have been discussed in the workshop on jet
impingement and pipe whip in Genova (1981). Since then, additional tests including mediumscale JAERI test (Isozaki et al., 1984; Yano, 1984; Yano et al., 1983, 1984) and Ontario-Hydro
test (Forrest et al., 1987), and small-scale Mitsubishi test (Kawanishi et al., 1986; Kitade et al.,
1979; Masuda et al., 1981), KWU test (Kastner and Rippel, 1988), and CRIEPI-Hitachi test
(Morita et al., 2016; Takahashi et al., 2016; Xu et al., 2016) were performed. A summary of
these experimental tests including initial fluid conditions, break conditions, target conditions, and
investigated parameters is shown in Table 2-1. As shown in the table, most of the work has
investigated the pressure distribution, thrust force, and impingement force. In general, the local
static or stagnation pressure was measured by pressure transducers and thrust force or
impingement force was measured by load cells. Figure 2-6 through Figure 2-8 show the
experimental setup for small-scale (Masuda et al., 1981), medium-scale (Yano et al., 1984) and
large-scale (Marklund, 1985b).
2.2.2

Discussion on Experimental Results

This section presents the discussion on results for the experimental tests reviewed. Discussion
will be divided based on the jet impingement parameters.
2.2.2.1 Thrust Coefficient
The thrust coefficient can be calculated based on Equation (2-6), once thrust force is measured
experimentally. The values of thrust coefficients depend on the initial fluid condition prior to the
break. Therefore, the thrust coefficients for different types of jet are discussed.
2.2.2.1.1 Saturated and Superheated Steam Jets
The thrust coefficient for steady-state saturated steam jet was investigated in the Mitsubishi test
(Kitade et al., 1979; Masuda et al., 1981). In Kitade et al. (1979), the steam was ejected into the
atmospheric condition through a pipe of inner diameter of 9.4 mm. The thrust coefficient was
found to be 1.12 based on experimental results. In Masuda et al. (1981), the effects of nozzle
geometry and edge treatment on the thrust coefficient are investigated. The results are found as
follows:
CT = 1.21, circular nozzle with round edge;
CT = 1.12, circular nozzle with sharp edge;
CT = 1.14, elliptical nozzle with round edge;
CT = 1.08, elliptical nozzle with sharp edge.
This indicates that the circular nozzle has a larger thrust coefficient than the elliptical nozzle,
and round edge break has a larger CT than the sharp edge break.
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Table 2-1 A Summary of Experimental Tests on Jet Impingement
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Table 2-1 A Summary of Experimental Tests on Jet Impingement (cont.)
Initial Fluid
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Figure 2-6 Experimental Setup for Jet Impingement in Small-scale Test (Masuda et al., 1981)

Figure 2-7 Experimental Setup for Jet Impingement in Medium-scale Test (Yano et al., 1984)
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Figure 2-8 Experimental Setup for Jet Impingement in Large-scale Test (Marklund, 1985b)
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2.2.2.1.2 Non-flashing Water Jets
The non-flashing water jets occur when the fluid initial temperature is below the fluid boiling
point under ambient conditions, which is 100°C. For incompressible water jets, the velocity is
significantly below the fluid’s speed of sound and shock waves are not present. The thrust
coefficient for non-flashing water was investigated in the experimental study by Kawanishi et al.
(1986). It was found that the thrust coefficient for high subcooling water (0.8 MPa < P0 < 2.5
MPa; 0 °C < ΔT < 110 °C) is about 1.95.
2.2.2.1.3 Steam-water Mixture Jets
For saturated water and subcooled water (temperature above 100°C), steam-water jet can
occur after the break. The thrust coefficients for steam-water jet have been investigated in
Mitsubishi test (Kawanishi et al., 1986) and JAERI test (Yano et al., 1984). In the study by
Kawanishi et al. (1986), the CT was investigated and the results are compared with Henry and
Fauske model (1971) as shown in Figure 2-9. As shown in the figure, the CT for the round edge
nozzle is about 1.1 - 1.2 in the two-phase region. For the sharp nozzle, CT reduces about 20%
compared to round nozzle. In Yano et al. (1984), the thrust coefficients for BWRs LOCA
conditions are investigated and CT is found to be around 1.15. These experimental studies are
used to for model evaluation in Section 3.2.3.

Figure 2-9 Thrust Coefficient for Subcooled Water and Two-phase Mixture Jets (Kawanishi et
al., 1986)
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2.2.2.2 Jet Geometry
The jet geometry determines the zone of influence and the development of the jet in the spatial
domain. The discussion of the jet geometry is usually separated into jet core region and jet
expansion region. The jet core is a region after the break where the thermodynamic properties
of the choked flow are preserved for subcooled water jets. The geometry of the jet core is
characterized by the jet core length, and that of the jet expansion region is characterized by the
jet spreading angle. The jet core was investigated by Celata et al. (1986) using X-rays, and the
jet expansion for steam jet was investigated by a recent CRIEPI-Hitachi test (2016) using PIV
system.
2.2.2.2.1 Jet Core Length
To simulate the LOCA accidents in LWRs, Celata et al. (1986) investigated the length of jet core
for high subcooling conditions (0.8MPa < P0 < 2.5 MPa; 0 < ΔT < 110 °C). The lengths of the jet
core are obtained by X-rays images. In this work, the effect of friction on jet core length is also
investigated. A sample X-rays image is shown in Figure 2-10. From the X-rays image, the length
of the jet core can be obtained, and the results are shown in Figure 2-11. In the figure, the jet
core length is normalized by the break diameter. It is found that increasing the degree of
subcooling increases the jet core length and increasing the nozzle length Lp generally
decreases the jet core length. This indicates that the effect of increasing friction is similar to that
of decreasing subcooling of the fluid. In the work by Celata et al. (1986), the experimental data
were also compared to the existing model by Tomasko et al. (1981). It can be seen the model
generally captures the trend but significantly underestimates the experimental values.

Figure 2-10 Typical Photographic Image (Left) and X-rays Image (Right) Taken in the Same
Thermodynamic Conditions (Celata et al., 1986)
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Figure 2-11 Dimensionless Jet Core Length (zc ) with Respect to the Inlet Subcooling for Three
Employed Test Sections and for Different Stagnation Pressures (Celata et al.,
1986)

2.2.2.2.2 Steam Jet Expansion
The jet expansion for steam jets was investigated by a recent CRIEPI-Hitachi test. In this test,
saturated steam of up to 1.6 MPa was supplied continuously from a high-pressure steam boiler.
The controlled steam was supplied to the reservoir tank (ID 100 mm) in the test section and the
supersonic steam jet flow was blown out from the jet nozzle (ID 8 mm with 200 mm length). The
steam jet was investigated using particle image velocimetry (PIV) visualization and
computational fluid dynamics analysis (CFD) simulation. An in-house 3-dimensional unsteady
compressible steam flow CFD code was employed, which is based on finite difference method.
This code is applicable to superheated and wet steam including condensation with assumption
of homogeneous flow and equilibrium condensation. 3D Navier-Stokes equations are
discretized with the 5th-order Monotone Upstream-centered Schemes for Conservation Law
(MUSCL) scheme for a convective term and the 6th-order central difference scheme for a
viscous term. SLAU 2 scheme (Simple Low-dissipation Advection Upstream Splitting Method)
(Kitamura and Shima, 2013) and Lower-Upper Symmetric-Gauss-Seidel (LU-SGS) algorithm for
matrix inversion are applied. The discharged superheated steam jet became wet steam due to
the supersonic flow. Therefore, water droplet in the wet steam was used as a seeding material
for the visualization and additional seeding material was not used. Table 2-2 summarizes the
test conditions investigated in experiments and CFD simulations in the CRIEPI-Hitachi test.
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Table 2-2 A Summary of Experimental Conditions and CFD Conditions in CRIEPI-Hitachi Test
(Morita et al., 2016; Takahashi et al., 2016; Xu et al., 2016)
Inlet
Nozzle
Inlet Temperature Experimental
CFD
Case
Pressure
Diameter [mm]
[°C]
Test
Simulation
[MPa]
1
8
0.40
152
√
√
2
8
0.58
165
√
√
3
8
0.82
177
√
√
4
12
0.23
137
√
×
Ref_1
8
1.5
137
×
√
Ref_2
8
3.0
Saturation
×
√
Ref_3
8
5.0
Saturation
×
√
Ref_4
8
7.0
Saturation
×
√
Ref_5
8
7.5
Saturation
×
√
Ref_6
8
13.0
Saturation
×
√
A comparison between experimental measurements and CFD simulation in this test was found
to be reasonable as shown in Figure 2-12. From the images, vertical shock wave and rapid
velocity deceleration after the shock wave were observed clearly in both experimental study and
CFD simulation. The comparison on jet axial and radial velocities is also presented and shown
in Figure 2-13. The axial velocity profile in Figure 2-13 also shows the existence of shock wave,
and maximum velocity reaches 1000 m/s before the shock wave. From the velocity profiles, the
similarity between the flow pattern, velocity magnitude, jet width and shock position generally
validate the CFD simulation in this test.
Based on the experimental study and CFD simulation, the jet expansion was investigated for
regions before and after the asymptotic plane (Morita et al., 2016). In this study, the maximum
expanded jet position was defined as the asymptotic plane. The definitions of the asymptotic
length (La), asymptotic area (Aa), and spread angle (θ) are shown in Figure 2-14. Based on the
CFD simulation, the relation between the spread angle and pressure ratio (the ratio of vessel
pressure with respect to ambient pressure) is obtained and is shown in Figure 2-15. Since high
pressure and high-density steam expands more than lower pressure and density steam, the
spread angle becomes larger as pressure increases. Considering the zone of influence, a larger
spread angle will give a conservative affected region. However, larger spread angle will also
make the average impact pressure smaller, which may underestimate the impingement force if
the pressure distribution within the jet is not considered.
The spread angle after the asymptotic plane was also investigated in this test (Takahashi et al.,
2016). Figure 2-16 shows comparison on jet spread angle after the asymptotic plane between
experimental study and CFD simulation. The spread angle is found to be around 7°, when the
jet boundary is defined at the position where local jet velocity (allowable velocity) is less than 30
m/s. It is found that this spread angle slightly changes as the allowable velocity changes.
However, this angle is between 4° and 8°, when allowable velocity changes from 70 m/s to 10
m/s. Meanwhile, this spread angle is found to be independent of the initial vessel pressure.

2-21

(a) PIV visualization

(b) CFD calculation
Figure 2-12 Comparison between Experimental Measurements and CFD Simulation on Jet
Structure, Case 1: Pressure 0.40 MPa and Temperature 152°C (Morita et al.,
2016)
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(a) Flow direction (nozzle center)

(b) Radial direction at z/D = 1
Figure 2-13 Comparison between Experimental Measurements and CFD Simulation on (a)
Axial and (b) Radial Velocity, Case 1: Pressure 0.40 MPa and Temperature 152°C
(Morita et al., 2016)
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Figure 2-14 Definition of Asymptotic Length (za), Asymptotic Area (Aa), and Spread Angle (θ)
(Morita et al., 2016)

Figure 2-15 Relation between Spreading Angle and Pressure Ratio (Morita et al., 2016)
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(a)

(b)
Figure 2-16 Comparison on Jet Spread Angle after the Asymptotic Plane between (a)
Experimental Study and (b) CFD Simulation (Morita et al., 2016)
2.2.2.3 Pressure Distribution
The pressure distribution in radial and axial direction within the jet characterizes the strength of
the jet, and directly determines the impingement force on the target. Therefore, the pressure
distribution within the target needs to be investigated. In the literature, the pressure distribution
for steam jets has been investigated in Kitade et al. (1979), Masuda et al. (1981) and Marklund
(1985a), while that for steam-water jets has been investigated by Kastner and Rippel (1988) and
Yano et al. (1984).
2.2.2.3.1 Saturated and Superheated Steam Jets
The pressure distributions within both free steam jets and impinging steam jets have been
investigated in previous studies. The pressure profiles measured by Masuda et al. (1981) for
free and impinging steam jets are shown in Figure 2-17 and Figure 2-18, respectively. It is found
that for both free jet and impinging jets, the pressure distribution changes from center-peak to
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edge-peak and to center-peak profile again, as the measurement location moves away from the
break. The edge-peak profile is formed approximately at the position where the Mach disk is
located. This trend was also observed for the impinging jet by Kitade et al. (1979). Meanwhile,
as shown in these figures, the normalized pressure decreases rapidly as the measurement
location moves away from the break. The normalized pressure decreases to about 5% at 4.3 D
for free jet and at 3.3 D for impinging jet.
For the stagnation pressure at the center of the plate (Pc ), Kitade et al. (1979) developed a
correlation based on the experimental results for steam jets:

Pc − pamb
 z
P
=
= 0.65  
P0 − pamb
D

−2

*
c

(2-39)

where Pc * is the dimensionless pressure, Pc is the center stagnation pressure at the plate, P0 is
the vessel stagnation pressure, pamb is the ambient pressure, z is the distance between
measurement point and break, and D is the break diameter. The comparison between this
correlation and the experimental data is shown in Figure 2-19. The correlation is found to agree
well with the experimental data. In fact, the Marviken data (Marklund, 1985b) is also found to
agree well with this correlation as shown in Figure 2-20.
2.2.2.3.2 Saturated-water Mixture Jets
The pressure distribution on a target for steam-water mixture jets has been investigated by
Yano et al. (1984) and Kastner and Rippel (1988). Yano et al. (1984) investigated the pressure
distribution for BWRs under LOCA conditions. The measured pressure at the target for two
different pressure conditions is shown in Figure 2-21. It is found that the pressure at the target
center decreases to about 10% of vessel pressure at 2De for both experiments. Kastner and
Rippel (1988) investigated saturated pressurized water discharging on a flat plate with a circular
nozzle with 65 mm inner diameter. The pressure distribution measured for quasi-steady-state
flow against flat plates is found to follow a Gaussian distribution curve as shown in Figure 2-22.
From the measurement, it is also found that the pressure decreases to about 10% vessel
pressure at 2De, which agrees well with the data from Yano et al. (1984).
For the stagnation pressure at the center of the plate, Yano et al. (1984) developed a correlation
based on the experimental results for steam-water mixture jets:

Pc − pamb
 z
Pc
=
= 0.40  
P0 − pamb
D
*

−2

for z/D > 1

(2-40)

where Pc is the center stagnation pressure at the plate, P0 is the vessel pressure, pamb is the
ambient pressure, z is the distance between measurement point and break, and D is the break
diameter. The comparison between this correlation and the experimental data is shown in
Figure 2-23. The correlation is found to agree well with the experimental data. In fact, the
Marviken data (Marklund, 1985b) is also found to agree well with this correlation as shown in
Figure 2-24.
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Figure 2-17 Pressure Distribution within Free Steam Jet (Masuda et al., 1981)
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Figure 2-18 Pressure Distribution within Impinging Steam Jet (Masuda et al., 1981)
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Figure 2-19 Comparison on Pressure at the Center Plate between Experimental Data and
Correlation in Equation (2-39) (Kitade et al., 1979)

Figure 2-20 Comparison on Pressure at the Center Plate between Experimental Data from
Marviken Test (P0 = 2 MPa, D = 500 mm) and Correlation in Equation (2-39)
(Marklund, 1985b)
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Figure 2-21 Pressure Distribution on Target for Impinging Steam-water Mixture Jets (Yano et
al., 1984)

Figure 2-22 Pressure Distribution on Target for Impinging Steam-water Mixture Jets (Kastner
and Rippel, 1988)
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Figure 2-23 Comparison on Pressure at the Center Plate between Experimental Data and
Correlation (Yano et al., 1984)

Figure 2-24 Comparison on Pressure at the Center Plate between Experimental Data and
Correlation in Equation (2-40) (Marklund, 1985b)
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2.2.2.4 Jet Impingement Force
Due to the momentum conservation, the impingement force cannot be greater than the thrust
force. Accounting for jet expansion, friction, momentum and energy exchange, heat transfer,
and effect of target area, using thrust force to estimate impingement force can be considered as
a conservative approach. Yano et al. (1984) measured thrust force and impingement force
simultaneously just after the break for BWRs LOCA conditions. It was found that the ratio of the
impingement force to the thrust force is ~ 0.9. The comparison between thrust force (T) and
impinging force (Fj) is shown in Figure 2-25.
After the review on experimental studies, it can be seen that since the workshop on jet
impingement and pipe whip in 1981, additional experiments have been performed focusing on
small to medium scale break sizes (5 ~ 152 mm). Experiments for different inlet fluid conditions
were investigated, including subcooled water (ENEA test, Ontario-Hydro test, and KWU test),
saturated water (JAERI test) and saturated steam (CRIEPI-Hitachi test). The pressure
distribution within the jet and jet geometry have been studied, which are greatly useful in model
development.

Figure 2-25 Comparison between Thrust Force and Impinging Force for BWR LOCA (D =
150 mm) Conditions (Yano et al., 1984)

2.3

Review of Jet Impingement Models and CFD Simulations

This section performs literature review on existing jet impingement models and CFD
simulations.
2.3.1

Jet Impingement Models

2.3.1.1 ANSI/ANS-58.2 (1988)
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There are four appendices in ANSI/ANS standard (ANSI/ANS-58.2, 1988) which include: (1)
Appendix A. Derivation of fluid force equations; (2) Appendix B. An acceptable simplified
method for calculation of fluid thrust forces; (3) Appendix C. Acceptable models for jet geometry;
and (4) Appendix D. Acceptable simplified methods for evaluation of jet impingement effects.
Appendix A has been discussed in Section 2.1.1, and the models in other appendices are
summarized as follows.
2.3.1.1.1 Appendix B. An Acceptable Simplified Method for Calculation of Fluid Thrust Forces
Considering that the thrust force can be time dependent, due to the time rate of change in fluid
momentum, the ANSI/ANS-58.2 (1988) uses a conservative approximation for thrust force by
knowing initial and steady state forces, as shown in Figure 2-26. As shown in the figure, the
Standard assumes the steady state thrust coefficient for the initial stage of the blowdown. In
fact, Lahey and Moody (1977) has shown that the initial thrust coefficient is less than 1 for
frictionless flow, when pressure is between 1.4 MPa and 14 MPa. On the other hand, the
steady state thrust coefficient is greater than 1.2 for frictionless flow. Therefore, the
approximation in the Standard is conservative.
The modeling of thrust coefficient was performed separately for steam, steam-water mixture and
non-flashing water. The Standard model employs 1.26 for steam and 2.0 for non-flashing water.
These values are derived theoretically (Moody, 1969; Webb, 1976; Areva NP Inc., 2013). For
incompressible flow, the exit pressure is equal to the environment pressure. From the Bernoulli
equation, the exit velocity is as follows with P0 equal to the stagnation pressure in psia:
=
ue

2 gc

ρf

(2-41)

( P0 − pamb )

Therefore,

=
T 2 ( P0 − pamb ) Ae

(2-42)

The thrust coefficient for incompressible flow is equal to 2.0.
For steam, the ideal gas law is employed to calculate the exit critical velocity, critical mass flow
rate, and exit pressure:

U cr =
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where k is the ratio of specific heats, R is the universal gas constant, T0 is the stagnation
temperature and P0 is the stagnation pressure. Combining Equations (2-43) through (2-45) and
(2-5), the thrust force simplifies to
k ( k −1)


 2 
T=
(1 + k ) 

 k +1



 P0 Ae − pamb Ae


(2-46)

Since the value of k depends on exit plane pressure, the thrust coefficient also depends on exit
plane pressure. As presented in ANP-10318NP (Areva NP Inc., 2013), the thrust coefficient is

CT 1.26 − pamb P0
=

(2-47)

when the exit plane pressure is 0.1 MPa and is

C=
1.3 − pamb P0
T

(2-48)

when the exit plane pressure is 5.2 MPa.
The thrust coefficient for two-phase mixture employed in the Standard was developed by Lahey
and Moody (1977). The work calculated thrust coefficients for both separated flow and
homogeneous flow. With the separated flow model being more conservative, it is currently being
employed in the Standard. Additionally, it was found that the vessel stagnation pressure has a
slight effect on the thrust coefficient for the two-phase mixture, and the value varies between 1.2
and 1.3 for separated two-phase flow.
While the above discussion focuses on frictionless flow, increasing friction is found to decrease
the thrust coefficient. The upstream restriction will also decrease the thrust coefficient. The
friction effect on thrust coefficient is investigated in Lahey and Moody (1977) for steam, steamwater mixture and non-flashing flow. The results are employed by the Standard.
Once the steady state thrust force is determined, the time to reach steady state is the only
parameter left for the model. It should be noted that the gravitational constant is actually
specified in the Standard in British unit:

 lbm − ft 
g c = 32.174 
2 
 lbf − s 

(2-49)

2.3.1.1.2 Appendix C. Acceptable Models for Jet Geometry
Acceptable and simplified models for defining the geometry are presented in the Standard. The
jet fluid can be subcooled or saturated liquid, two-phase mixture or vapor. The models define
three regions in the jet as shown in Figure 2-27.
In the Standard, it is assumed that the circumferential break would result in full separation of the
two severed pipes ends, but if the pipe is physically restrained the extent of separation would be
limited. The model for longitudinal break is assumed to be the same as the circumferential break
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with full separation, while a slightly different model is employed for circumferential break with
limited separation.

(a)

(b)

Figure 2-26 Conservative Approximation of Transient Thrust Force: (a) Very Low Friction Flow
and (b) Friction Flow (ANSI/ANS-58.2, 1988)
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Figure 2-27 Fluid Jet Geometry for Circumferential Break with Full Separation (ANSI/ANS-58.2,
1988)
For the model of circumferential break with full separation, the following observations are made.
For region 1, which is the cone-shaped region containing the jet core and the remainder of the
jet, the jet core length is related to the jet subcooling (Equation (C-1) in the Standard):

zc
=
0.26 ∆T + 0.5
D

(2-50)

where zc is jet core length, D is break diameter and ΔT is jet subcooling at break plane under
stagnation condition and has a unit of °F. However, in order for this equation to have consistent
units, the constant value of 0.26 must have a unit of [1/T1/2].
Region 2 is defined from the break plane to the asymptotic plane. For the asymptotic plane area
(Equation (C-3) of the Standard), it should be noted that the gravitational constant is specified in
British unit as was the case in Equation (B-9) of the Standard. The distance from the break
plane to the asymptotic plane is given by the Standard (Equation (C-5)):

za 1  Aa 
=
− 1

D 2  Ae 

(2-51)

Equation (2-51) assumes a jet angle of 45° to calculate the distance za. However, this angle is
from the inner pipe edge instead of the jet edge at the break plane, because D is employed
*
instead of D CTe
. The value of

*
is 2.0 for ΔT > 0, and
CTe
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*
is 1.26 for ΔT = 0.
CTe

Region 3 is defined as the fluid jet after the asymptotic plane. The jet area in Regions 1 and 2 at
any location from the break plane to the asymptotic plane may be calculated by (Equation (C-6)
of the Standard):



z  A
=
1 +  a − 1 
Aje  za  A je  
Aj

(2-52)

Rearranging Equation (2-52), it becomes:

Aj − Aje
Aa − Aje

=

z
za

(2-53)

However, this equation is not correct because:

D j − D je
Da − D je

=

z
za

(2-54)

Therefore, the correct formulation to calculate area Aj should be:


z
=
1 +
Aje  za
Aj

 Da

− 1 


 D je


2
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*
where Aje = CTe
Ae is the jet area at the break plane. For the model of circumferential break with

limited separation, following observations are made. As found similarly in Equation (C-1) of the
Standard, the constant value of 0.26 must also have a unit of [1/T1/2] in order for Equation (C-8)
of the Standard to be consistent in unit:

zc
= 0.26 ∆T + 0.5
Wf

(2-56)

Here, ΔT has a unit of °F. The distance from the break plane to the asymptotic plane is given by
(Equation (C-10) of the Standard):
2


zc
D
1  D
=
− 1 + 4



Wf 4  Wf
Wf



 Aa  
D

 − 1 +
 Af   W f
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This distance assumes 45° between the line connecting pipe inner edge point to asymptotic plan
edge point and the line parallel to flow direction. As found similarly in Equation (2-51), this angle
is from the inner pipe edge instead of the jet edge at the break plane since Wf is employed instead
*
of W f = CTe
.
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The jet area at any radial location from the break to the asymptotic plane is given by (Equation
(C-11) of the Standard):

 z A

=
1 +  a − 1 
Ajf  za  A jf
 
Aj

(2-58)

*
where Ajf = CTe
Af , Af is break flow area. Rearranging this equation, we get:

Aj − Ajf
Aa − Ajf

=

z
za

(2-59)

However, this equation is not correct because:

W j − W jf
Wa − W jf

=

z
za

(2-60)

Therefore, the correct equation for jet area should be:


  D + 2 z 
z W
=
1 +  a − 1  

Ajf  za  W jf
   D 
Aj

(2-61)

It needs to be noted that the model for jet geometry might be over simplified for supersonic jets
as discussed in Ransom (2004) and Wallis (2004). The internal structure of the supersonic jets
consists of normal and oblique shocks and the jets go through a series of expansion and
compression. Depending on the jet static pressure at the break plane (Pe), the jets can be overexpanded (Pe < pamb) or under-expanded (Pe > pamb). For jet impingement in nuclear power plants,
the jets are under-expanded and as such expansion occurs at the break plane. The angle between
jet boundary tangent and axis is usually defined as Prandtl-Meyer angle and can be calculated
as follows:

=
ν

  γ −1  2

360  γ + 1

⋅ arctan  
−
1
M

) − arctan
(
γ
+
2π  γ − 1
1







(


M 2 −1 


)
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where Mach number (M) is calculated by:

M

1− k




p
2

  amb k

 − 1


 k − 1    P0 




(2-63)

where P0 is the vessel stagnation pressure, pamb is the ambient static pressure.
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2.3.1.1.3 Appendix D. Acceptable Simplified Methods for Evaluation of Jet Impingement Effects
The Appendix D of ANSI/ANS-58.2 (1988) provides simplified models for evaluation of jet
impingement force. When the target is large enough, the entire force is applied to the target.
However, when a fraction of the jet is intercepted by the target, the impingement load may be
estimated by accounting for a correction factor which is the shape factor. This factor is a
measure of target’s potential for changing the momentum of the jet, which depends on the
target shape and orientation with respect to the jet. In the Appendix D, this shape factor is
related to the drag coefficient.
2.3.1.2 NUREG/CR-2913 (Weigand et al., 1983)
The two-phase jet loads model was first discussed in Tomasko et al. (1981) in the workshop on
jet impingement and pipe whip, which was extended into NUREG/CR-2913 (Weigand et al.,
1983). This model only investigates the initial conditions that result in two-phase flows (steamwater) at pressure above ambient conditions as shown in Table 2-3. The two-phase jet load
geometry employed in the study is shown in Figure 2-28. Here, several assumptions are made
to simplify the problem: (a) the vessel is assumed to be sufficiently large such that there will be
a relatively long period of time until the rate of change in the flow becomes important; (b) the
exit pipe has fluid with the same thermodynamic state as that inside the vessel; (c) the other
end of the guillotine break is ignored such that there is no interaction between the two jets and
(d) the target has no curvature and has a large enough radius, such that the entire jet is
intercepted by the target.
In NUREG/CR-2913, three characteristic regions are identified in the two-phase jet flow field:
(a) The break region where an exit core which has the same thermodynamic properties as
the choked flow, projects a distance downstream of the break. The length of the exit core
depends on the degree of subcooling.
(b) Free jet region where the jet expands almost as free, isentropic expansion. The flow in
this region is supersonic. The free jet region terminates at a stationary shock wave near
the target.
(c) Target region where the local flow field imposes the pressure loading on the target.
2.3.1.2.1 Calculated Results Presented in NUREG/CR-2913
In NUREG/CR-2913, the two-phase jet calculation was performed by modified CSQ (CHARTD
Squared, where CHARTD stands for Coupled Hydrodynamics And Radiation Transport
Diffusion), which is a finite difference code solving a homogeneous equilibrium set of equations
for a specified flow field. The flow chart showing the calculation procedure by two-phase jet
loads model is presented in Figure 2-29 (This flow chart is created based on the information
found in NUREG/CR-2913 for clarity). It needs to be noted that the critical mass flux in Appendix
D of NUREG/CR-2913 was calculated using homogeneous equilibrium flow model (HEM). The
results of computer code calculation are presented in the appendices A and C for “target
pressure and load distribution” and “length of jet exit core”, respectively.
Apart from the calculation results presented in the appendices, detailed results for two particular
test conditions (P0 = 17 MPa, ∆T0 = 70 °C; and P0 = 15 MPa, ∆T0 = 0 °C) are presented in
Section 4 of NUREG/CR-2913, including:
(a) Pressure and density contours in the jet flow;
(b) Velocity, sound speed, temperature, and pressure distributions along the radius of the
target; and
(c) Density, temperature and pressure distributions along the centerline of the jet flow.
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These results can be used for model evaluation if experimental data are available or
interpolation of the experimental data is possible.
Table 2-3 Two-Phase Jet Model Calculation Matrix Base (Weigand et al., 1983)
subcooling, ∆T (°C)

70, 50, 35, 15, 0

Qualities

0, 0.01, 0.05, 0.1, 0.2, 0.33,
0.75, 0.99

Pressures

Pressure, P0 (MPa)

6, 8, 10, 13, 15, 17

Position

Target positions (z/D)

0.5, 0.75, 1.0, 1.25, 1.50, 1.75,
2.0, 2.5, 3.0, 4.0, 8.0

Temperature/Quality

Figure 2-28 Idealized Two-phase Jet Loads Geometry Used in Two-phase Jet Loads Model
NUREG/CR-2913 (Weigand et al., 1983)
2.3.1.2.2 The Length of Exit Core in NUREG/CR-2913
As discussed in Section 2.2.2.2, there will be an exit core in the break region, which will remain
critical flow beyond the break. The length of the exit core calculated by the two-phase jet loads
model is given in the Appendix C of NUREG/CR-2913 and also shown here in Figure 2-30. The
figure indicates that this length is greater than 0.5 of the exit diameters and increases with
increasing subcooling. Meanwhile, it needs to be noted that the friction effect is not considered
in NUREG/CR-2913 model. As such, considering that it acts similar to decrease the subcooling,
and therefore the exit core length, the NUREG/CR-2913 model can be considered conservative.
Also shown in Figure 2-30, the red lines are the predictions made by the exit core length model
employed in ANSI/ANS 58.2 (1988), which is given by Equation (2-50). It is found that the exit
core length in NUREG/CR-2913 decreases with increasing pressure, while that in ANSI/ANS
58.2 (1988) is independent on pressure. This inconsistency is reflected in Figure 2-30, such that
the core length calculated by the model in ANSI/ANS 58.2 (1988) is smaller than that in
NUREG/CR-2913 in relatively low-pressure region, but greater in relatively high-pressure
region. The effect of pressure on exit core length needs to be investigated by experimental data
in the future.
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Break flow conditions (Gcr, P, T, ρ)
from system codes (TRAC or
RELAP)
Using Appendix D.1, D.2
(P, T) or D.3 (T, ρ)
Entropy (S)
Using Appendix D.4, D.5
(Gcr)
Stagnation temperature (T0)
Using Appendix
D.7 (Gcr)

Using Appendix
D.6 (Gcr)
Stagnation quality
(x 0)

Stagnation pressure
(P0) and corresponding
subcooling (∆T0)

∆T0 = 0?

Yes

No
Two-phase jet loads model
(Advanced two-dimensional
computer code CSQ)

Appendix A:
Target pressure
distribution (PT ) and
target loads
distribution (Fr)

Appendix B:
Centerline target
pressure distribution
as a function of z/D

Appendix C:
Jet exit-core length
(zc /D)

Figure 2-29 Flow Chart Showing the Calculation Procedure by Two-phase Jet Loads Model in
NUREG/CR-2913. Gcr: Mass Flux, P: Pressure, T: Temperature, and x: Quality
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Figure 2-30 Comparison on Exit Core Length between Two-phase Jet Loads Model
(NUREG/CR-2913) and ANSI/ANS 58.2 (1988). Black: NUREG/CR-2913 and Red:
ANSI/ANS 58.2 (1988)
2.3.1.2.3 Approximate Models
Apart from the above two-phase jet loads calculated by CSQ, approximate models for axial and
target pressure calculation are also introduced in Chapter 6 of NUREG/CR-2913. The
approximate models include free jet expansion model and shock model. In the free jet
expansion model, the jet is assumed to be isentropic and expands at a 45° angle. The axial
pressure calculated by the free jet expansion model was found to agree well with those by the
CSQ calculation and experimental data (Ontario-Hydro test and Marviken test). In the shock
model, the shock at the target center is assumed to be normal and coincident with the target
surface. Using the free jet expansion calculation as boundary condition, the pressure after
shock can be calculated by the shock model and it agrees well with the CSQ calculation. The
results calculated by the approximate models are presented in the Appendix B of NUREG/CR2913.
2.3.1.3 One-dimensional Jet Loading Model (Moody, 1969)
The one-dimensional jet loading model developed by Moody studies (Lahey and Moody, 1977;
Moody, 1973; 1969) was employed in the design basis for structural supports including jet
deflectors, snubbers, and pipe restraints in nuclear power plants. This model provides a simple
way to estimate the zone of influence, thrust force and loading force, although it is inappropriate
for multidimensional flow jets especially for two-phase flow jets.
2.3.1.3.1 Thrust Coefficient
In Moody (1969), the theoretical expressions for thrust coefficients of compressible fluid and
compressible gas are derived and employed in the ANSI/ANS-58.2 (1988). The thrust
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coefficient for two-phase mixture jets with critical flow model of slip flow (slip ratio of (ν g/ν f )1/3)
has been developed for frictionless flow in Moody (1969) and further extended by accounting for
friction effects in Moody (1973) and Lahey and Moody (1977). The resulting thrust coefficient for
two-phase mixture jets is used in ANSI/ANS-58.2 (1988).
2.3.1.3.2 Jet Expansion (Asymptotic jet area)
In Moody (1969), the fully expanded one-dimensional asymptotic jet properties are estimated. In
this estimation, the effects of friction, diffusion, turbulent momentum and energy exchange, and
heat transfer with environment are neglected. The asymptotic plane is determined at the place
where pressure within the jet approaches the environment pressure. The asymptotic jet total
area can be obtained by combining:
2
2
Fj
Ae Geν M ,a
Aa Gaν M ,a
=
=
Ae A a g c
A e gc

(2-64)

and the forward momentum conservation for jet at the asymptotic plane leads to equality of
thrust force and impinging force:

F
T
= j
Ae Ae

(2-65)

where T, Fj, Ae, Aa, Ge, Ga, ν M,a, are thrust force, impinging force, break area, asymptotic plane
area, mass flux at break plane, mass flux at asymptotic plane, momentum specific volume at
asymptotic plane, respectively. Therefore, the asymptotic jet total is:

Aa Ge2 ν M ,a
=
Ae g c T Ae

(2-66)

For two-phase mixture jets, the areas occupied by liquid and gas can be obtained:

Gcr2 (1 − x )ν f ( xS + (1 − x ) )  a
=
Ae
gc
T Ae

Aj ,a

Ag ,a
Ae

=

A f ,a  1 x ν g

Ae  S 1 − x ν f

(2-67)



a

(2-68)

In these expressions, the quality x at the asymptotic plane needs to be determined. If the
interaction with environment is negligible, the stagnation enthalpy will be constant for ideal jet
expansion. Meanwhile, the kinetic energy of the jet can also be neglected due to low density of
gas phase. As such, x can be estimated from the following equation:

h0 =ha + kinetic energy ≈ ( h f + xh fg )

(2-69)

where h0 and ha is the specific enthalpy at the stagnation condition and the asymptotic plane,
respectively. For saturated or superheated steam jets, the asymptotic plane area is:
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Ag ,a
Ae

=
x =1

Gcr2 ν g ,a
g c T Ae

(2-70)

The results calculated using this approach by employing different slip ratio are shown in Figure
2-31. It should be noted that fP is the Darcy friction factor of the pipe.
For the asymptotic plane distance, Moody (1969) assumes that axial and radial velocities are
approximately the same magnitude. Therefore, the model assumes a 45-degree angle for the
asymptotic plane and the distance is given by:

za 1  Aa 
≈ 
− 1
D 2  Ae 

(2-71)

This relation is employed in ANSI/ANS-58.2 (1988).
2.3.1.4 A generalized analytical jet model (Luxat, 2017)
Luxat (2017) developed a generalized analytical jet model to predict the jet geometry or jet
expansion, local distribution of pressure and temperature within the jet for a wide range of initial
fluid conditions. The model captures the characteristics of high-energy fluid jets in nuclear
power plants.
2.3.1.4.1 Pressure at and after the Exit Plane
The pressure at the exit plane Pe might be different from the vessel pressure P0. In Luxat
(2017), the pressure losses upstream the break plane due to frictional loss and minor loss are
considered:
2
 fL
G
Pe =P0 −  + k  cr
D
 2ρ

(2-72)

Depending on whether the jet is subcooled jet or two-phase jet, the critical mass flux Gcr can be
evaluated based on different models. If the jet is subcooled at the exit plane, the orifice
discharge model is used for Gcr:

=
Gcr CD 2 ρ ( Pe − pamb )

(2-73)

where CD is the discharge coefficient.
For two-phase jet at the exit plane, the Henry-Fauske discharge model is used for Gcr:

Gcr = ξ ( Pe , he ) Pe

(2-74)
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Figure 2-31 Jet Asymptotic Area: (a) Saturated Water Jet with Slip Ratio of (ν g/ν f )1/3 and (b)
Saturated Water and Steam Jet with Slip Ratio of 1 (Moody, 1969)
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2.3.1.4.2 Pressure within the Jet
The pressure (P) as functions of axial (z) and radial (r) locations for flashing two-phase jet is
given by Equation (2-75). The radial pressure distribution follows a general Gaussian
distribution, while the axial distribution decays rapidly with respect to the axial distance from the
exit plane.
2
=
P* exp [ K ( z D)] exp  −C ( r D ) 



(2-75)

where P* is defined in Equation (2-40), and

K ( z D) =
− ( z D − 0.5 )

(2-76)

=
C 1.4 − 0.4ϕ

(2-77)

ϕ = P ( he ) Pe

(2-78)

Here, D is the break diameter and φ describes the subcooling of the initial fluid at the break
plane. When φ approaches 0, the fluid is cold water, while when φ approaches 1, the fluid is in
the saturated state. The comparison on pressure at the jet centerline between the current model
and experimental data is shown in Figure 2-32.
2.3.1.4.3 Jet Core Length
The length of the jet core (zc ) for steam-water mixture jets is estimated by the following
equation:


 ϕ P − pamb  
zc
= 0.5 +  − ln  e

D
 Pe − pamb  


(2-79)

where φ is the subcooling parameter as defined in Equation (2-78). The comparison between
this model and experimental data is shown in Figure 2-33.
2.3.1.4.4 Jet Geometry
The radial expansion of the jet is governed by the volumetric expansion of the fluid. At any
distance downstream the jet break, the fraction of fluid energy used for radial expansion is
defined by the local quality:

x=

he − h f ( z )

(2-80)

h fg ( z )

At the exit plane:

=
he h f ( Pe ) + xe h fg ( Pe )

(2-81)
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where x is the local thermodynamic quality of the region occupied by the projected area of the
exit plane, and x e is that at the exit plane. This assumes that the fluid that has expanded out of
the core region is no longer available for further expansion. By applying the mass conservation,
the normalized jet area (A) and jet diameter (Dj) can be obtained:

Aj ( z )
Ae

Dj ( z )
D

=

=

ρe
ρ ( z)

(2-82)

Aj ( z )

(2-83)

Ae

with flow density

ρe =

1
 x ρ g + (1 − x ) ρ f 

(2-84)

The thermodynamic fluid properties in Equations (2-82) to (2-84) are evaluated by the local
dynamic pressure averaged over the projected exit plane area:

Pj ( z ) =

4
1 − exp ( − C 4 )  η ( z ) + pamb
C

(2-85)

With

η ( z) =
( Pe − pamb ) exp ( − K ( z D ) )

(2-86)

This approach was found to agree well with the experimental data as shown in Figure 2-34. The
experimental data was for 225 °C water discharging from 6mm nozzle at 2.76 MPa.
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Figure 2-32 Comparison on Pressure at the Jet Centerline between Model and Experimental
Data. Plot from Luxat (2017)

Figure 2-33 Comparison on Jet Core Length between Model and Experimental Data (Celata et
al., 1986), and Model in ANSI/ANS-58.2 (1988). Plot from Luxat (2017)
.
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Figure 2-34 Comparison on Jet Geometry between Model and Experimental Data from Russel
and Chan (1991). Plot from Luxat (2017)
2.3.2

CFD Simulations

2.3.2.1 Numerical evaluation of affected region by flashing jet flow
The flashing jets were investigated by Morita et al. (2018) to evaluate the affected region using
the same CFD code as in CRIEPI-Hitachi test (Section 2.2.2.2.2). To extend the CFD code to
the water region, the pre-conditioning method and pseudo sonic speed to the governing
equations were applied. The ambient pressure saturated steam was assumed outside of the
nozzle instead of air, such that the jet is adiabatically-expanded and the interaction with air is
neglected. The test conditions investigated in the current work are summarized in Table 2-4.
The effects of vessel pressure and fluid subcooling on maximum velocity, shockwave position,
and asymptotic length (za) and width (Ha) are investigated. Here, the asymptotic plane is defined
as the maximum expanded position as shown in Figure 2-35, which is the same as in steam jet
simulation (Figure 2-14). However, the spread angle for the steam-water jet is found to be much
larger than that of the steam jet.
It is found that the shock wave position, asymptotic length (za) and width (Ha) become larger as
the inlet pressure increases, or when the subcooling temperature increases at the same inlet
pressure. The maximum velocity is more sensitive to inlet pressure than the subcooling
temperature. The increasing inlet pressure increases the fluid pressure and density at the
nozzle exit plane, leading to a larger expansion of the flow. Those parameters are found to
correlate with the density ratio (ρe/ρamb) and pressure ratio (Pe/pamb) very well:

z=
0.3 ×
a

ρe
ρ amb

(2-87)
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H a = 0.008 ×

ρe
+1
ρ amb

(2-88)

= 110 ×
umax

Pe
pamb

(2-89)

where subscripts e and amb indicate condition at the exit plane and ambient condition,
respectively. With these results, the affected area (Ha and za) and dynamic pressure (ρumax 2) at
the asymptotic plane can be evaluated. Considering that the spread angle for steam-water
mixture jet is much larger that the steam jet, it is better to consider the affected region to be a
round cylinder with diameter Ha and length za.
2.3.2.2 Single- and Two-phase Jet CFD Models
The study by Schneider et al. (2012) established CFD models for both single- and two-phase
jets. The commercial software ANSYS Fluent 14.0 was employed in this study and a structured
mesh was imposed using ANSYS meshing program which is built into the workbench. The CFD
simulations were to provide the pressure, temperature and velocity field for a given initial fluid
and geometric condition. Inlet conditions for each simulation were taken from benchmarking
conditions and the outlet zones are set at atmospheric pressure and room temperature. The
simulation of single phase supersonic free jets was benchmarked with experimental results of
both steam (Masuda et al., 1981) and air (Teske et al., 1996; Zerkle, 1996) jets. Comparisons
between simulation and experimental data for static pressure and total pressure are made. For
two-phase jet simulations, Fluent’s evaporation-condensation model predicts the mass transfer
from liquid to vapor. The two-phase jets were benchmarked with the experimental results from
Kastner and Rippel (1988) and Forrest et al. (1987). The centerline stagnation pressure was
found to agree well with experimental data (Kastner and Rippel, 1988). Meanwhile, the
ANSI/ANS-58.2 (1988) model was found to be conservative in stagnation pressure calculation
by assuming a large jet core region. The static pressure along the centerline from CFD
simulation was also compared with the experimental results from Forrest et al. (1987). Good
agreement was observed.
After review on jet models and CFD simulations, it can be seen that since the workshop on jet
impingement and pipe whip in 1981, CFD simulations have been performed to investigate
important jet impingement phenomena. The spreading angles for under-expanded supersonic
jets obtained by CRIEPI-Hitachi test are comparable to those presented by Ransom (2004). The
CFD simulations by Morita et al. (2018) correlates the jet geometry using jet properties at the
exit plane such as jet density and jet static pressure, which is a dynamic approach compared to
the model employed in the ANSI/ANS-58.2 (1988). The new model developed by Luxat (2017)
also provide a new approach to calculate jet core length and jet geometry.
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Table 2-4 Test Conditions in Flashing Jet CFD Simulation (Morita et al., 2018)
Case

Fluid

Inlet Pressure (MPa)

Inlet ΔT (°C)

1

Saturated water

0.5

0

2

Saturated water

2.0

0

3

Saturated water

5.0

0

4

Saturated water

7.0

0

5

Subcooled water

2.0

10

6

Subcooled water

2.0

20

7

Subcooled water

7.0

10

8

Subcooled water

7.0

20

Figure 2-35 Definitions of Asymptotic Length (za), Asymptotic Width (Ha), and Spread Angle (θa)
(Morita et al., 2018)
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3 DATA ANALYSIS AND MODEL EVALUATION
3.1

Data Analysis

The experimental databank is first established based on the experiments reviewed in Section
2.2. Those include large-scale Marviken tests (Marklund, 1985a, 1985b), medium-scale JAERI
tests (Isozaki et al., 1984; Yano, 1984; Yano et al., 1984, 1983) and Ontario-Hydro tests (Forrest
et al., 1987), and small-scale Mitsubishi tests (Kawanishi et al., 1986; Kitade et al., 1979;
Masuda et al., 1981), KWU tests (Kastner and Rippel, 1988), and CRIEPI-Hitachi tests (Morita
et al., 2016; Takahashi et al., 2016; Xu et al., 2016).
Considering that the above experiments were performed under different thermal-hydraulic
conditions, break geometries, target geometries, etc., the experimental data are first nondimensionalized to compile an organized databank. This will make the data easier to interpret
and process. Meanwhile, the effects of initial fluid condition (i.e., stagnation pressure,
temperature or void fraction/ quality) and break size on pressure profiles downstream of the
break plane can be easily investigated. The generated dimensionless parameters include:

p* ( z , t ) =

p ( z , t ) − pamb ( t )
P0 ( t ) − pamb ( t )

(3-1)

P* ( z , t ) =

P ( z , t ) − pamb ( t )
P0 ( t ) − pamb ( t )

(3-2)

z* =

z
Deff

(3-3)

2
2
D=
D 2 − D probe
eff

(3-4)

where p* and P* are the dimensionless static and stagnation pressure, z* is the dimensionless
axial distance, Deff is the effective break diameter, p, P, P0, pamb, z, D, and Dprobe are the static
pressure, stagnation pressure, vessel stagnation pressure, ambient atmospheric pressure, axial
distance, break diameter, and central probe diameter, respectively. The central probe was
employed in one of the tests (Marviken tests) to measure static pressure at the center of the
free jets. Additional information on the central probe will be provided in Section 3.1.1.1.
3.1.1

Experimental Data

The established experimental databank based on the data available in literature is discussed.
The collected data included those from Marviken tests, Mitsubishi tests, JAERI tests, and KWU
tests.
3.1.1.1 Marviken Tests
Large scale free and impinging jet tests were performed at the Marviken test facility in Sweden.
The Marviken pressure vessel was initially filled with water, which was heated to a specified
temperature and pressure level. In these tests, rupture discs were employed to simulate the
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break and the vessel contents were discharged through a nozzle to form the jets. Three nozzle
sizes of 200, 299, and 509 mm diameter were used. In total, six free jet tests and six impinging
jet tests were performed. Important parameters including pressure, temperature, and fluid
density were measured during the blowdown, using the pressure transducer, thermocouples,
and a three-beam gamma densitometer system. The static and stagnation pressures were
obtained in the free jet tests and the stagnation pressure at the targets was obtained in the
impinging jet tests. In the current report, the stagnation pressure measured at horizontal beams
or targets are used to evaluate models. The maximum error for these measurements is
calculated to be 40 kPa in Marviken report. Considering that the measured minimum pressure is
around 200 kPa, a ±20% error bar is used for Marviken data in this work.
3.1.1.1.1 Free jets (Tests 1 through 6)
In total six tests were performed to investigate the free jets. The initial stagnation pressures for
free jets were set to 5.0 MPa, and the initial subcooling is 0°C, 30°C, and 50°C. The nozzle
used in the tests has a diameter of 0.2 m, 0.3 m, and 0.5 m. A brief summary of the free jets in
Marviken tests is shown in Table 3-1. A schematic drawing of the measurement system for free
jets in Marviken tests is shown in Figure 3-1. The system consists of a central probe, horizontal
structural support beams (A and B) and horizontal measurement beams (0-6). The central probe
has a diameter of 100 mm and was used to measure the static pressure in the jet center. The
horizontal measurement beams are used to measure both static and stagnation pressures at
different axial and radial locations. As shown in the figure, the horizontal measurement beams
are arranged at different angles to minimize their effects on measurements. The stagnation
pressure measured at a radial location of 70 mm was assumed to be that at the center of the jet
and is used for model evaluation. The arrangement of the instrumentation and support beams
for the free jets in Marviken tests are listed in Table 3-2. The experimental data for static and
stagnation pressures were collected in the free jet tests and are presented here.
Among the six free jet tests, Tests 1 and 2 are shakedown tests. The central probe and
instrumented beams were found to move during Tests 3 and 4, at about 6.6 s and 1.2 s,
respectively. As such additional support beams (A and B) are added for Tests 5 and 6 as shown
in Figure 3-1. Therefore, Tests 5 and 6 provide the best experimental results for free jets. In the
current report, the measured static and stagnation pressures for Tests 5 and 6 are presented as
an example.
Table 3-1 Summary of Free Jets in Marviken Tests
Test number Initial Pressure (MPa)
Initial ΔT (°C)
1
5.0
30
2
5.0
30
3
5.0
50
4
5.0
30
5
5.0
0
6
5.0
30
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Nozzle Diameter (mm)
509
299
509
200
299
509

Table 3-2 Arrangement of the Instrumentation and Support Beams for Free Jets in Marviken
Tests (Marviken report MXD-101, OECD Nuclear Energy Agency, 1882)
Distance below
Used in
Beam length Beam width Beam height
Beam
nozzle (mm)
tests
(mm)
(mm)
(mm)
0
150
3~6
1,740
34
250
1
500
1~6
1,740
34
250
2
1,000
1~6
1,740
34
250
3
1,000
1~6
1,740
34
250
4
1,500
1~6
1,740
34
250
5
2,000
1~6
1,740
34
250
6
2,000
1 ~ 6*
1,740
34
250
A
225
5~6
1,570
20
150
B
350
5~6
1,570
20
150
* not instrumented in Tests 3 ~ 6.

Figure 3-1 Schematic Diagram of the Measurement System for Free Jets in Marviken Tests
(Marklund, 1985b)
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In Test 5, the saturated steam jet was investigated at an initial stagnation pressure of 5.0 MPa.
A particular standpipe was used inside the vessel such that the discharge pipe entrance can be
raised into the vapor space. In this test, a nozzle with 299 mm ID was used. Figure 3-2 shows
the time histories of both static and stagnation pressures in Test 5. Only the measured data at
the center of the jets are shown here. As shown in Figure 3-2 (a) and (c), the pressure
decreases with the process of blowdown. This is due to the decreasing stagnation pressure in
the vessel. After non-dimensionalizing the pressure, however, it is found that the pressure
profiles are nearly flat, which indicates that the dimensionless static and stagnation pressures
downstream of the break plane weakly depend on instantaneous vessel stagnation pressure in
the vessel. The stagnation pressure in the vessel and ambient pressure are compared in Figure
3-3. As shown in the figure, the ambient pressure almost keeps constant compared to the
stagnation pressure in the vessel. Here, the ambient pressure is the static pressure of the room
where free jets were released into.
The static and stagnation pressures at the center of the jets at different axial locations
downstream of the break plane are shown in Figure 3-4. As shown in the plots, both static and
stagnation pressure decrease rapidly downstream of the break plane. The static and stagnation
pressures drop below zero at around 1.2 Deff and 3.6 Deff , respectively. Meanwhile, the
dimensionless static and stagnation pressures generally resemble at different times as shown in
Figure 3-4 (b) and (d), which indicates that the vessel stagnation pressure has negligible effects
on these pressures.
The radial profiles of p* and P* at certain axial locations are shown in Figure 3-5 and Figure 3-6.
Negative values of dimensionless static pressure are observed at the center region of the jets
as shown in Figure 3-5 (b) and Figure 3-6 (b), which indicates that the jets are over expanded.
Generally, the static pressures at these locations are similar to the ambient pressure. The
stagnation pressure at these locations are generally below 20%. Interestingly, a constant peak
is observed for stagnation pressure at r/Deff around 1.5. This might be due to the edge peaking
pressure profile for steam jets as observed in previous work (Kitade et al., 1979; Masuda et al.,
1981). However, it could also be possible that the measurements at this particular radius is not
reliable.
Unlike test 5, the initial condition of the vessel fluid in Test 6 is subcooled water with a degree of
subcooling of 30 °C at an initial stagnation pressure of 5 MPa. In both Tests 5 and 6, the
instrumentation in the vicinity of the nozzle exit was improved because horizontal beam 0 was
added for measurements. A standpipe was installed inside the vessel to increase the duration of
the steam discharge period. The standpipe was found to collapse during the test and this
increases the duration of saturated liquid jets. Based on the discussion in Marviken report, the
subcooled flow period was not affected. Saturated flow data with an extended quality range
were obtained, and low-pressure steam data were obtained at the end of the test. Although the
collapsed standpipe will afftect the upstream condition, the fluid condiotion (e.g., stagnation
pressure, temperature) and critical mass flux were measured at the end of nozzle. Therefore,
these data in Test 6 are stil included for data analysis and model evaluation in the current work.
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Figure 3-2 Time Histories of Pressure at the Center of the Jet for Free Jet Test 5: (a) and (b)
Static Pressure, (c) and (d) Stagnation Pressure

Figure 3-3 Time Histories of Vessel Stagnation Pressure and Ambient Pressure for Free Jet
Test 5
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Figure 3-4 Pressure Profiles at the Center of the Jet as a Function of Axial Distance for Free
Jet Test 5: (a) and (b) Static Pressure, (c) and (d) Stagnation Pressure
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Figure 3-5 Pressure Profiles at Axial Location z/Deff ~ 1.8 as a Function of Radial Distance for
Free Steam Jet Test 5: (a) and (b) Static Pressure, (c) and (d) Stagnation Pressure
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Figure 3-6 Pressure Profiles at Axial Location z/Deff ~ 3.5 as a Function of Radial Distance for
Free Steam Jet Test 5: (a) and (b) Static Pressure, (c) and (d) Stagnation Pressure
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Figure 3-7 shows the time histories of the static and stagnation pressures for Test 6 as an
example. As shown in the plots, the blowdown is divided into three phases based on the initial
fluid condition at the nozzle inlet: subcooled water, saturated water/two-phase and saturated
steam. This is due to the gradual decrease of pressure in the vessel. The subcooled regime
existed from about 0 s to 36 s, during which the subcooling at the nozzle inlet gradually
decreases from about 20°C at a pressure of 4.1 MPa to saturated liquid at about 3.1 MPa. The
saturated regime existed from about 36 s to 73 s with the pressure from 3.1 MPa to 1.6 MPa.
This regime can also be divided into the liquid-dominated saturated flow at the first 12 s and
saturated flow with intermediate steam qualities between 48 s and 73 s. The steam-dominated
saturated flow existed after 73 s, with void fraction at the nozzle exit in excess of 0.99 and
steam quality of 0.65.
Both static and stagnation pressures decrease with respect to time as shown in Figure 3-7 (a)
and (c). This is because the pressure in the vessel keeps decreasing during the blowdown. After
non-dimensionalizing the pressure, however, they show different trends. As shown in Figure 3-7
(b), the value of p* at the vicinity of the break first increases then decreases. However, instead
of decreasing, the value of P* remains nearly constant at z/Deff = 0.25, and that at z/Deff = 0.50
first decreases then increases. According to Equations (3-1) and (3-2), the profiles of p* (or P* )
will be similar to those of p (or P) when P0 and pamb are constant. However, this is not the case
for transient blowdown test as in Marviken test, where both P0 and pamb are not constants as
shown in Figure 3-8. Therefore, the profiles of p* (or P*) does not resemble those of p (or P).
In addition, it is found that both the static and stagnation pressures decrease very rapidly in the
first two diameters of the break as shown in Figure 3-7 (b) and (d). At axial location around
0.75 Deff ~ 1.5 Deff , the saturated steam jet over-expanded to pressures less than the ambient
containment pressure (t ~ 75 s) as shown in Figure 3-7 (b). Although not shown in the plots, the
static pressure recovered to the containment pressure at further distances downstream.
Figure 3-9 shows the pressure profiles at the center of the jet as a function of axial location. It is
observed that the dimensionless static pressure (p* ) drops below zero for the saturated steam
jet at around 0.7 Deff as shown in Figure 3-9 (b), which indicates that the jet is over expanded at
this axial location. Meanwhile, both static and stagnation pressures are found to decrease
rapidly downstream of the break plane. The values of p* and P* decrease to zero at around
1.5 Deff and 3 Deff , respectively.
Figure 3-10 and Figure 3-11 show the pressure profiles as a function of radial location at
different axial locations. Negative values of static pressure are observed at the center region of
steam jets as shown in Figure 3-10 (b) and Figure 3-11 (b), which is consistent with Test 5 and
this indicates that the jets are over expanded. For the jets with other initial fluid conditions, the p*
is greater than ambient pressure for subcooled water jets at the vicinity of the break (z/Deff =
1.2). The stagnation pressure basically drops below 10% within 1 Deff at both axial locations.
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Figure 3-7 Time Histories of Pressure at the Center of the Jet for Free Jet Test 6: (a) and (b)
Static Pressure, (c) and (d) Stagnation Pressure

Figure 3-8 Time Histories of Vessel Stagnation Pressure and Ambient Pressure for Free Jet
Test 6
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Figure 3-9 Pressure Profiles at the Center of the Jet as a Function of Axial Distance for Free
Jet Test 6: (a) and (b) Static Pressure, (c) and (d) Stagnation Pressure
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Figure 3-10 Pressure Profiles at Axial Location z/Deff ~ 1.0 as a Function of Radial Distance for
Free Jet Test 6: (a) and (b) Static Pressure, (c) and (d) Stagnation Pressure
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Figure 3-11 Pressure Profiles at Axial Location z/Deff ~ 2.0 as a Function of Radial Distance for
Free Jet Test 6: (a) and (b) Static Pressure, (c) and (d) Stagnation Pressure
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3.1.1.1.2 Impinging jets (Tests 7 through 12)
In total six tests were performed to investigate the impinging jets. The initial stagnation pressure
for free jets were set to 5.0 MPa, with the initial subcooling of 0°C, 30°C, and 50°C. The nozzle
used in the tests has a diameter of 0.2 m, 0.3 m, and 0.5 m. Different target geometries
including flat plate, cavity, and pipe were used. A brief summary of the impinging jets in
Marviken tests is shown in Table 3-3. The target distance (z* ) in the table is defined by Equation
(3-3). For the impinging jets tests, the central probe employed in the free jets tests was
removed. In this case, Dprobe = 0 and Deff = D.
Table 3-3 Summary of Impinging Jets in Marviken Tests
Test
Initial Pressure
Break Diameter
Initial ΔT (°C)
number
(MPa)
D (mm)
7
5.0
30
509
8
5.0
30
509
9
5.0
30
200
10
5.0
30
509
11
5.0
0
299
12
5.0
30
509

Target
Flat plate
Flat plate
Cavity
Flat plate
Flat plate
Pipe

Target distance
(z* )
4.05
2.06
5.24
1.27
2.15
2.95

In Tests 7, 8, and 10, the only difference is the target location. As such, they can be used to
investigate the pressure distribution on target at different locations downstream of the break
plane. Figure 3-12 shows the time histories of the stagnation pressure at the center of the target
plates for these three impinging tests. As shown in the plots, the blowdown is divided into three
phases based on the initial fluid condition at the nozzle inlet: subcooled water, saturated
water/two-phase and saturated steam. Since the initial fluid conditions are the same for all these
three tests, the blowdown process show similar transient behavior. The subcooled regime
existed from about 0 s to 25 s, during which the subcooling at the nozzle inlet gradually
decreases from about 19°C at a pressure of 4.3 MPa to saturated liquid at about 3.1 MPa. The
saturated regime existed from about 25 s to 45 s with the pressure from 3.1 MPa to 2.5 MPa.
The steam-dominated saturated flow existed after 50 s, with void fraction in excess of 0.99 and
steam quality of 0.7.
As shown in Figure 3-12 (b), generally the stagnation pressure is the highest for subcooled
water jets at the vicinity of the break plane (Tests 10 and 8). That of saturated water/two-phase
and saturated steam jets are comparable. Meanwhile, the P* decreases very quickly
downstream of the break plane. At 4.05 D, the P* at the target plate is generally zero. Figure
3-13 shows the vessel stagnation pressure and ambient pressure for these three tests. As
shown in the figure, both pressures change with time. Good repeatability was observed for
these three tests, which indicates that the obtained data are reliable.
Figure 3-14 shows the radial pressure profiles for these three impinging jets. Generally, the
stagnation pressure drops to zero at a radius of 2 D at different axial locations. The stagnation
pressure drops more quickly for subcooled water jets than saturated water/two-phase and
steam jets.
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Figure 3-12 Time Histories of Stagnation Pressure at the Center of the Target Plates for
Impinging Jets Tests 7 (4.05 D), 8 (2.06 D), and 10 (1.27 D)

Figure 3-13 Time Histories of Initial Stagnation Pressure and Ambient Pressure for Impinging
Jets Tests 7 (4.05 D), 8 (2.06 D), and 10 (1.27 D)
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Figure 3-14 Stagnation Pressure Profiles at Different Axial Location as a Function of Radial
Distance: (a) and (b) Test 10 (1.27 D), (c) and (d) Test 8 (2.06 D), (e) and (f) Test 7
(4.05 D)
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In Test 12, a pipe is used as the target as shown in Figure 3-15. As shown in the side view,
measurements were made along the length of the pipe (l) for 4 different angles around the pipe
(i.e., 0°, 90°, 180°, 270°). Therefore, the measurement for 0° is for stagnation pressure and the
data along other angles are for static pressure.

Figure 3-15 Target (Pipe) Employed in Test 12 of the Marviken Tests (Marviken Report MXD212, OECD Nuclear Energy Agency, 1982). Left: Side Vew and Right: Front View
3.1.1.2 Mitsubishi Tests
The experimental data in Mitsubishi tests are collected to extend the experimental databank.
These include the impinging steam jets in Kitade et al. (1979) as shown in Figure 3-16, free and
impinging steam jets in Masuda et al. (1981) as shown in Figure 3-17, and free and impinging
jets in all three flow regimes (steam, saturated water, and subcooled water) in Kawanishi et al.
(1986) as shown in Figure 3-18. In Kawanishi et al. (1986), only the stagnation pressure at the
center of the target plate was presented. From the data in steam jets, it is found that the
stagnation pressure drops below 10% at around 3 D for both free and impinging jets.
Meanwhile, the edge-peaking pressure profiles are observed between 4.5 D and 13 D (axial
locations) for steam jets. In Mitsubishi tests, the measurement uncertainties were not discussed
and a ±20% error bar is used for model evaluation in Section 3.2.

Figure 3-16 Impinging Steam Jets in Kitade et al. (1979): Stagnation Pressure at the Target
Plate Downstream of the Break Plane at Different Axial Locations (P0 = 4.02 MPa,
D = 9.4mm)
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Figure 3-17 Stagnation Pressure Downstream of the Break Plane at Different Axial Locations in
Masuda et al. (1981): (a) and (b) Free Steam Jets, (c) and (d) Impinging Steam
Jets (P0 = 4.02 MPa, D = 10 mm)

Figure 3-18 The Stagnation Pressure at the Center of Target Plate Downstream of the Break
Plane at Different Axial Locations: (a) Free Jets and (b) Impinging Jets in
Kawanishi et al. (1986). (P0 = 4.02 MPa, D = 5 mm)
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3.1.1.3 JAERI Tests
The experimental data in JAERI tests include these presented in Yano et al. (1984). The
stagnation pressure measured at the target plate for saturated water jets are shown in Figure
3-19. Experiments for two initial stagnation pressure conditions were performed. Similar
pressure profiles are obtained after non-dimensionalizing the stagnation pressure at the targets,
which indicates that the initial stagnation pressure has negligible effect on dimensionless
profiles. In addition, negative values for P* are observed at 5 D downstream of the break plane.
This indicates an overexpansion in the jets at this axial location. In the work by Yano et al.
(1984), the measurement uncertainties were not discussed and a ±20% error bar is used for
model evaluation in Section 3.2.

Figure 3-19 Impinging Saturated Water Jets in Yano et al. (1984): Stagnation Pressure at the
Target Plate Downstream of the Break Plane for Two Initial Stagnation Pressure
Conditions (D = 150 mm)
3.1.1.4 KWU Tests
The experimental data in KWU tests (Kastner and Rippel, 1987) are shown in Figure 3-20.
Experiments were performed using saturated water to investigate the impinging jet with an initial
stagnation pressure of 10 MPa. It is found that the value of P* at the center of the target at the
axial location of 2 D is approximately 10%, which agrees with that in Yano et al. (1984) as
shown in Figure 3-19. This may indicate that the distribution of P* is independent of initial
stagnation pressure and break size for saturated water jets. However, additional data are
needed to confirm this conclusion. In the work by Kastner and Rippel (1987), the measurement
uncertainties were not discussed and a ±20% error bar is used for model evaluation in Section
3.2.
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Figure 3-20 Impinging Saturated Water Jets in Kastner and Rippel (1987): Stagnation Pressure
at the Target Plate Downstream of the Break Plane (P0 = 10 MPa, D = 65 mm)
3.1.2

Data Analysis

Detailed data analysis is performed using the experimental database. The effects of different
parameters including initial fluid conditions (i.e., stagnation pressure, subcooling or void
fraction/quality), pipe size, and axial location downstream of break plane on both static and
stagnation pressures are analyzed.
3.1.2.1 Free Jets
The effects of different parameters on both static and stagnation pressures in free jets are
analyzed. The discussion is divided based on the initial fluid condition prior to the break:
saturated steam, saturated water/two-phase, and subcooled water.
3.1.2.1.1 Saturated Steam Jets
All the free saturated steam jets in the Marviken tests and other tests are collected and
analyzed. The saturated steam jets are defined when inlet flow has a quality greater than 0.7 (x
≥ 0.7). The static (pc * ) and stagnation (Pc * ) pressures at the center of the steam jets are shown
in Figure 3-21 and Figure 3-22, respectively. The initial fluid pressure of the conditions
investigated in the plots covers a wide range from 4.4 MPa to 1.3 MPa. The figures also include
data from different break sizes of 0.28 m and 0.50 m. As shown in Figure 3-21 (a) and Figure
3-22 (a), the measured pressures show different trends for different conditions. However, after
non-dimensionalizing the pressure and axial distance, all the data generally follow the same
trend. This may indicate that both nondimensional static and stagnation pressures at the center
of the free steam jets are independent on the initial stagnation pressure and break size.
It is found that the following equations can predict the data very well for static pressure as
shown in Figure 3-21 (b) and for stagnation pressure as shown in Figure 3-22 (b). It needs to be
noted that the best fitting line in Figure 3-22 (b) is developed by including all the experimental
data in Marviken tests, Masuda et al. (1981), and Kawanishi et al. (1986):
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−0.89

 z
=
P 0.41
D
 eff





−0.87

*
c

*
c

− 0.1 0.25 ≤

z
≤ 2.7
Deff
for static pressure at the center of steam jets

− 0.1 0.25 ≤

(3-5)

z
≤ 7.1
Deff
for stagnation pressure at the center of steam jets (3-6)

Figure 3-21 Static Pressure Profiles at the Center of the Free Steam Jets as a Function of Axial
Distance. The Best Fitting Line in Figure (b) is Given by Equation (3-5)
3.1.2.1.2 Saturated Water/Two-phase Jets
All the free saturated water/two-phase jets in the Marviken tests and other tests are collected
and analyzed. The saturated water/two-phase jets are defined when inlet flow has zero
subcooling with a quality between 0 and 0.7 (ΔT = 0, 0 ≤ x < 0.7). The static (pc * ) and stagnation
(Pc * ) pressures at the center of the saturated water/two-phase jets are shown in Figure 2-23 and
Figure 2-24, respectively. The initial fluid pressure of the conditions investigated in the plots
covers a wide range from 3.9 MPa to 2.6 MPa with relatively low quality (x < 0.7). The figures
also include data from different break sizes of 0.28 m and 0.50 m. As shown in Figure 2-23 (a)
and Figure 2-24 (a), the measured pressures show different trends for different conditions.
However, after non-dimensionalizing the pressure, all the data generally follow the same trend.
This may indicate that both nondimensional static and stagnation pressures at the center of the
free saturated water/two-phase jets are independent on the initial stagnation pressure and break
size, except for the small break jets (D ~ 0.005 m).
3-21

Figure 3-22 Stagnation Pressure Profiles at the Center of the Free Steam Jets as a Function of
Axial Distance. The Best Fitting Line in Figure (b) is Given by Equation (3-6)
It is found that the following equations can predict the data very well for static pressure as
shown in Figure 3-23 (b). For stagnation pressure, the data in Marviken tests generally cannot
match that in Kawanishi et al. (1986). Additional data are need to confirm the best fitting line for
P* in saturated water/two-phase jets. The best fitting lines in Figure 3-23 and Figure 3-24 are
given as follows. It needs to be noted that the best fitting line in Figure 3-24 (b) is developed
based on the experimental data in Marviken tests:
−1.03
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p 0.16 
D
 eff
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P 0.29 
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−0.99
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for static pressure at the center of saturated water/two-phase jets
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for stagnation pressure at the center of saturated water/two-phase jets
(3-8)
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Figure 3-23 Static Pressure Profiles at the Center of Free Saturated Water Jets as a Function
of Axial Distance. The Best Fitting Line in Figure (b) is Given by Equation (3-7)

Figure 3-24 Stagnation Pressure Profiles at the Center of Free Saturated Water Jets as a
Function of Axial Distance. The Best Fitting Line in Figure (b) is Given by
Equation (3-8)
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3.1.2.1.3 Subcooled Water Jets
All the free subcooled water jets in the Marviken tests and other tests are collected and
analyzed. The subcooled water jets are defined when inlet flow has a subcooling greater than 0
(ΔT > 0). The static pressure (pc * ) at the center of the subcooled water jets are shown in Figure
3-25 with relatively high subcooling conditions and in Figure 3-26 with relatively low subcooling
conditions. The initial fluid stagnation pressure of the conditions investigated in the plots covers
a wide range from 4.3 MPa to 3.3 MPa. The figures also include data from different break sizes
of 0.28 m and 0.50 m. As shown in Figure 3-25 (a) and Figure 3-26 (a), the measured pressures
show different trends for different conditions. However, after non-dimensionalizing the pressure
and axial distance, all the data generally follow the same trend. This may indicate that the
nondimensional static pressure at the center of the free subcooled water jets is independent on
the initial stagnation pressure and break size for large break jets (D > 280 mm).
It is found that the following equations can predict the data very well for static pressure as
shown in Figure 3-25 (b) and Figure 3-26 (b):
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for static pressure at the center of subcooled water jets (3-10)

For the stagnation pressure in subcooled water free jets, only one condition at 5s of Test 6 is
analyzed due to limited experimental data. It is found that the following equation can predict the
data well for stagnation pressure as shown in Figure 3-27 (b):

 z
=
P 1.25exp 
D
 eff
*
c





−0.72

− 0.1 0.25 ≤

z
≤ 4.01 ∆T ~ 16 C
Deff

for stagnation pressure at the center of subcooled water jets

(3-11)

However, the data collected in Kawanishi et al. (1986) do not agree with those in Marviken test.
Additional experimental data might be needed for free subcooled water jets.
3.1.2.2 Impinging Jets
The effects of different parameters on stagnation pressure in impinging jets are analyzed. The
discussion is divided based on the initial fluid condition prior to the break: saturated steam,
saturated water, and subcooled water.
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Figure 3-25 Static Pressure Profiles at the Center of Free Subcooled Water Jets (ΔT = 14°C ~
20°C) as a Function of Axial Distance. The Best Fitting Line in Figure (b) is Given
by Equation (3-9)

Figure 3-26 Static Pressure Profiles at the Center of Free Subcooled Water Jets (ΔT ~ 5°C) as
a Function of Axial Distance. The Best Fitting Line in Figure (b) is Given by
Equation (3-10)

3-25

Figure 3-27 Stagnation Pressure Profiles at the Center of Free Subcooled Water Jets (ΔT ~
16°C) as a Function of Axial Distance. The Best Fitting Line in Figure (b) is Given
by Equation (3-11)
3.1.2.2.1 Saturated Steam Jets
All the impinging saturated steam jets in the Marviken tests and other tests are collected and
analyzed. The stagnation pressures (Pc * ) at the center of the steam jets are shown in Figure
3-28. The initial fluid pressure of the conditions investigated in the plots covers a wide range
from 1.6 MPa to 4.5 MPa. The figures also include data from different break sizes of 0.30 m and
0.50 m. As shown in Figure 3-28 (a), the measured pressures show different trends for different
conditions. However, after non-dimensionalizing the pressure and axial distance, all the data
generally follow the same trend. This may indicate that the nondimensional stagnation
pressures at the center of the impinging steam jets are independent on the initial stagnation
pressure and break size.
It is found that either a power law or an exponential function can predict the data very well for
stagnation pressure as shown in Figure 3-28 (a). While the following correlation developed by
Kitade et al. (1979):

z
Pc = 0.65  
D

−2

*

(3-12)

is shown in Figure 3-28 (b), the best fitting lines can be achieved by:
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Pc 0.49  
=
D
*

−1.8

0.5 ≤
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≤ 6.53
D

for stagnation pressure at the center of saturated steam jets (3-13)
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z
z

=
Pc* 1.75exp  −1.14  0.5 ≤ ≤ 6.53
D
D


for stagnation pressure at the center of saturated steam jets (3-14)

It needs to be noted that the best fitting lines in Figure 3-28 (b) are developed based on all the
experimental data in the plot.

Figure 3-28 Stagnation Pressure Profiles at the Center of Impinging Saturated Steam Jets as a
Function of Axial Distance. The Best Fitting Lines in Figure (b) are Given by
Equations (3-13) and (3-14), respectively
3.1.2.2.2 Saturated Water/Two-phase Jets
All the impinging saturated water/two-phase jets in the Marviken tests and other tests are
collected and analyzed. The stagnation pressures at the center of the saturated water/twophase jets for relatively low- and high-quality conditions are shown in Figure 3-29 and Figure
3-30, respectively. The initial fluid pressure of the conditions investigated in the plots covers a
wide range from 2.5 MPa to 3.0 MPa. The analysis includes data from a break size of 0.50 m.
As shown in Figure 3-29 (a) and Figure 3-30 (a), the measured pressures show different trends
for different conditions. However, after non-dimensionalizing the pressure and axial distance, all
the data generally follow the same trend. This may indicate that the nondimensional stagnation
pressures at the center of the impinging saturated water/two-phase jets are independent on the
initial fluid conditions (i.e., stagnation pressure and quality).
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It is found that either a power law or an exponential function can predict the data very well for
stagnation pressure as shown in both Figure 3-29 (a) and Figure 3-30 (b). While the following
correlation developed by Yano et al. (1984):

z
Pc = 0.40  
D

−2

*

(3-15)

is shown in both plots, the best fitting lines can be achieved for relatively low-quality conditions
(x < 0.02):
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for stagnation pressure at the center of saturated water/two-phase jets (3-17)

For relatively high-quality conditions (x > 0.15), the following best fitting lines are achieved:
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for stagnation pressure at the center of saturated water/two-phase jets (3-18)
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D
D


for stagnation pressure at the center of saturated water/two-phase jets (3-19)

3.1.2.2.3 Subcooled Water Jets
All the impinging subcooled water jets in the Marviken tests are collected and analyzed. The
stagnation pressures at the center of the subcooled jets are shown in Figure 3-31. The initial fluid
pressure of the conditions investigated in the plots covers a range from 3.9 MPa to 4.8 MPa, and
with a subcooling in a range of 12.5 °C to 24.2 °C. The analysis includes data from a break size
of 0.50 m. As shown in Figure 3-31 (a), the measured pressures show different trends for different
conditions. After non-dimensionalizing the pressure and axial distance as shown in Figure 3-31
(b), the experimental data in Test 8 do not follow the trend as others in Marviken test. The best
fitting lines based on the experimental data in Figure 3-31 (a) are as follows:

 z
Pc* 9.78  
=
D

−6.4

1.27 ≤

z
≤ 4.05 12.5 C ≤ ∆T ≤ 24.2 C
D

for stagnation pressure at the center of subcooled water jets (3-20)
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=
D
D


for stagnation pressure at the center of subcooled water jets (3-21)
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In addition, the data collected in Kawanishi et al. (1986) do not agree with those in Marviken test
as shown in Figure 3-31 (b). This difference might be caused by different nozzle size. The nozzle
employed in Kawanishi et al. (1986) has a diameter of 5 mm while that in the Marvikent test has
a diameter of 500 mm. As such, the surface area to volume ratio is different between small
diameter and large diameter nozzles. Additional experimental data might be needed for impinging
subcooled water jets as well as saturated water jets.

Figure 3-29 Stagnation Pressure Profiles at the Center of Impinging Saturated
Water/Two-phase Jets as a Function of Axial Distance: Relatively Low-quality
Conditions. The Best Fitting Lines in Figure (b) are Given by Equations (3-16) and
(3-17), respectively
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Figure 3-30 Stagnation Pressure Profiles at the Center of Impinging Saturated
Water/Two-phase Jets as a Function of Axial Distance: Relatively High-quality
Conditions. The Best Fitting Lines in Figure (b) are Given by Equations (3-18) and
(3-19), respectively

Figure 3-31 Stagnation Pressure Profiles at the Center of Impinging Subcooled Water Jets as a
Function of Axial Distance. The Best Fitting Lines in Figure (b) are Given by
Equations (3-20) and (3-21), respectively
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3.1.2.3 Comparison between Free and Impinging Jets
Using the comprehensive experimental data in both free and impinging jets, the comparison
between free and impinging jets is performed in the current section. All the experimental data
analyzed in Sections 3.1.2.1 and 3.1.2.2 are included for comparison as shown in Figure 3-32.
The discussion is divided based on different inlet conditions. For saturated steam jets and
saturated water/two-phase jets, the measured stagnation pressures generally agree well with
each other and the difference can be assumed negligible. For subcooled water jets,
experimental data including Marviken test (D ~ 0.5 m) and Kawanishi et al. (1986) (D = 0.005 m)
are plotted separately due to different break sizes as in Figure 3-32 (c) and (d). For both largeand small-break jets, a significant difference is observed between free and impinging jets, which
may require additional systematic investigation. Higher values of stagnation pressure are
observed for impinging jets.

3.2

Model Evaluation

This section discusses model evaluation based on the established experimental databank. The
Standard model in ANSI/ANS-58.2 (1988) and the two-phase jet loads model (NUREG/CR2913) are evaluated. Important parameters including pressure distribution, thrust coefficient,
and critical mass flux are assessed.
3.2.1

Pressure Distribution

The pressure distribution in radial and axial directions within the jet characterizes the strength of
jet. The impingement force can be calculated by integrating the local stagnation pressure over
the target. As such, the pressure distribution within the jet is one of the key parameters to
evaluate in jet impingement.
3.2.1.1 Standard model (ANSI/ANS-58.2, 1988)
The Standard model presented in ANSI/ANS-58.2 (1988) appendices is among the most widely
used models for jet impingement, which has been employed in the design and safety analysis in
nuclear power plants. The ANSI/ANS-58.2 (1988) model is a series of formulas presented in the
four appendices. In the current work, a FORTRAN code developed by the NRC (Jet11p4) is
employed to perform the Standard model calculation. The following boundary conditions are
required for the code:
(a) vessel stagnation pressure,
(b) mixture vapor mass quality at the break,
(c) subcooling (if x at the break is 0) or superheat (if x at the break is 1),
(d) break diameter,
(e) ambient pressure.
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Figure 3-32 Comparison on Stagnation Pressure at the Center of the Jets between Free and
Impinging Jets: (a) Saturated Steam Jets (x ≥ 0.7), (b) Saturated Water/Two-phase
Jets (0 ≤ x < 0.7), (c) Subcooled Water Jets in Marviken Test (D ~ 0.5 m), and (d)
Subcooled Water Jet in Kawanishi et al. (1986) (D ~ 0.005 m)

3-32

The calculated output parameters include:
(a) steady-state thrust coefficient,
(b) jet core length,
(c) distance from break to the asymptotic plane,
(d) static pressure at the asymptotic plane,
(e) mass quality at the asymptotic plane,
(f) jet area (or jet diameter) at the asymptotic plane,
(g) jet boundary downstream of the break plane,
(h) distribution of impingement pressure within the jet.
In the current work, the impingement pressure calculated by the Standard model is compared
with the stagnation pressure measured on target for impinging jets, or at certain axial locations
for free jets. The discussion of the results is divided into three sections based on the initial fluid
state: subcooled water jets, saturated water/two-phase jets and steam jets. Before discussing
the model evaluation, code verification was first performed and comparisons were made with
hand calculations. The code calculations were also compared with a previous NRC report
(ML121010475) and discussion can be found in Appendix A.
3.2.1.1.1 Saturated Steam Jets
This section discusses the model evaluation results for saturated steam jets. The experimental
data employed in the assessment include those in Marviken tests (both free and impinging jet)
and Mitsubishi tests (Kitade et al., 1979; Masuda et al. 1981; Kawanishi et al., 1986).
Among the six free jets in Marviken tests, selected times in Tests 1, 2, 5, and 6 for saturated
steam jets are used for model evaluation. The time after 6.6s in Test 3 and all the time in Test 4
are not used due to unreliable data caused by the movement of the central probe and
instrumented beams. In total, 8 conditions for free steam jets in the Marviken tests are
evaluated. A summary of the boundary conditions of the chosen test times is shown in Table
3-4. It can be seen that the selected conditions cover a wide range of initial stagnation pressure
from 1.3 MPa to 4.4 MPa with quality above 0.7 in different pipe sizes. A complete boundary
conditions for each test can be found in Table B-1 through Table B-5 of Appendix B. The
calculated fluid temperature and critical mass flux from the Standard model by the NRC
FORTRAN code Jet11p4 are also included in these tables of Appendix B. The differences
between measured and calculated critical mass flux are summarized in the last row.
Table 3-4 Summary of Selected Conditions in Marviken Free Jet Tests for ANSI/ANS-58.2
(1988) Evaluation: Saturated Steam Jets
Initial Stagnation
Times (s)
Quality (-)
Test Number
Break size (m)
Pressure (kPa)
Test 1
59
0.91
1,315
0.5
Test 2
80
0.79
2,387
0.28

Test 5

10
20
40

0.97
0.97
0.99

4,407
3,860
3,022

0.28
0.28
0.28

Test 6

60
80
75

0.99
0.97
0.7

2,414
1,984
1,345

0.28
0.28
0.5
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In the evaluation, the dimensionless pressures at different axial and radial locations are plotted.
The pressures at the center of the jets (70 mm) were not measured in Tests 1 and 2 but
measured in Tests 5 and 6. Figure 3-33 shows the axial distribution of dimensionless pressures
at the center of the jets for one time condition each in Tests 5 and 6 as an example. The profiles
at other times are similar for the same test and a complete comparison can be found in
Appendix B. As shown in the plots, the Standard model can predict the nondimensional
stagnation pressure at the center of the jets very well, especially in the vicinity of the break
plane. Further downstream from the break plane, the Standard model can overestimate the
pressure significanlty.
While the pressures at center of the jets can be predicted conservatively, it may not bound all
the pressure at different radial locations due to the edge peaking pressure profile as shown in
Figure 3-34. For the selected conditions in Tests 5 and 2, the pressures at the edge of the jets
are underestimated. However, except for these two conditions, the pressure in other conditions
investigated in Tests 5, 2 and all the conditions in Tests 1 and 6 can be predicted
conservatively. In general, the Standard model can predict the stagnation pressure in free
steam jets well.
Among the six impinging jets in Marviken tests, selected times in Tests 7, 8, 10, 11, and 12 for
saturated steam jets are used for model evaluation. In Test 9, a cavity was used as the target,
which was made by placing a cylindrical wall on a plane. Therefore, water was accumulated in
the cavity dueing the test. However, no data are available for the height of the accumulated
water column in the cavity so it is difficult to calculate the pressure and compare it with
experimental data. As such, the experimental data in Test 9 are not used for model evaluation.
In total, 12 conditions for saturated steam jets in the Marviken tests are evaluated. A summary
of the boundary conditions of the chosen conditions is shown in Table 3-5. It can be seen that
the selected conditions cover a wide range of initial stagnation pressure from 1.3 MPa to 4.5
MPa in different pipe sizes and axial locations. A complete boundary conditions for each test
can be found in Table B-6 through Table B-10 of Appendix B. The calculated fluid temperature
and critical mass flux from the Standard model by the NRC FORTRAN code Jet11p4 are also
included in these tables of Appendix B. The differences between measured and calculated
critical mass flux are summarized in the last row.
In the evaluation, the dimensionless pressures at different radial location are plotted. The
experimental data in different tests provide model evalution at different axial locations. It is
found that the Standard model can generally predict the stangation pressure at the targets for all
selected saturated steam jet conditions as shown in Figure 3-35 as an example. The complete
comparisons for the saturated steam jets for all conditions can be found in the Appendix B.
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(b)

(a)

Figure 3-33 Pressure Profiles at Different Axial Locations: (a) 10 s in Test 5 and (b) 75 s in Test
6. Error Bar: ±20%

(a)

(b)

Figure 3-34 Pressure Profiles at Different Axial Locations: (a) 80 s in Test 5 and (b) 80 s in
Test 2. Error Bar: ±20%
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Table 3-5 Summary of Selected Conditions in Marviken Impinging Jet Tests for ANSI/ANS-58.2
(1988) Evaluation: Saturated Steam Jets
Initial Stagnation Break size
Test Number Times (s)
Quality (-)
z/D (-)
Pressure (kPa)
(m)
Test 7

50

0.7

1,615

0.5

4.05

Test 8

50

0.7

1,845

0.5

2.06

Test 10

50

0.36

1,743

0.5

1.27

5

1.0

4,467

0.3

2.15

10

1.0

4,155

0.3

2.15

20

0.7

3,627

0.3

2.15

30

0.99

3,178

0.3

2.15

40

0.99

2,796

0.3

2.15

50

0.89

2,468

0.3

2.15

60

0.99

2,191

0.3

2.15

70

0.99

1,952

0.3

2.15

55

0.48

1,340

0.5

2.95

Test 11

Test 12

Figure 3-35 Pressure Profiles at Different Axial Locations: (a) 50 s in Test 10 and (b) 5 s in Test
11. Error Bar: ±20%
Experiments for impinging saturated steam jets were investigated in the Kitade et al. (1979)
(Mitsubishi tests) with an initial stagnation pressure of 4.02 MPa in a break size of 9.4 mm. The
stagnation pressure at targets were measured at multiple axial locations of 0.59 D, 0.96 D,
1.5 D, 2.3 D, 3.3 D, 4.5 D, and 6.6 D. The evaluation results using the experimental data in
Kitade et al. (1979) are shown in Figure 3-36. In these plots, the stagnation pressures can
generally be predicted well within an axial distance of 3.3 D. For axial distances of 4.5 D and 6.6
3-36

D, although the Standard model tries to capture the edge peaking pressure profile, the
experimental data are generally underestimated. Meanwhile, the stagnation pressures at the
center of the jets are significantly underestimated.

Figure 3-36 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data of Impinging Steam Jets in Kitade et al. (1979) of Mitsubishi
Tests. Error Bar: ±20%
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Figure 3 36 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data of Impinging Steam Jets in Kitade et al. (1979) of Mitsubishi
Tests. Error Bar: ±20% (cont.)
Experiments for both free and impinging saturated steam jets were investigated in Masuda et al.
(1981) (Mitsubishi tests) with an initial stagnation pressure of 4.02 MPa in a break size of 10
mm. The stagnation pressure at targets were measured at multiple axial locations in these jets.
The evaluation results using the experimental data in Masuda et al. (1979) are shown in Figure
3-37 and Figure 3-38. In these plots, the stagnation pressures can generally be predicted well in
the vicinity of the break plane (0.6 D for free jets and 3.3 D for impinging jet).
For the free saturated steam jets, while the Standard model can predict the stagnation pressure
at the center of the jets well, the radial profiles especially the edge-peaking values are
underestimated significantly. However, the values of P* are generally below 10% downstream
an axial distance of 3.3 and below 5% downstream 13 D. For impinging jets, the comparisons
are relatively better. The edge-peaking pressures can generally be predicted well at 6.3 D.
Although the stagnation pressures are generally underpredicted at the center of the jets
downstream of 6.3 D, the values of P* are generally below 0.07.
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Experiments for both free and impinging saturated steam jets are investigated in the work by
Kwanishi et al. (1986) with an initial stagnation pressure of 4.02 MPa in a break size of 5 mm.
The evaluation results using the experimental data in Kawanishi et al. (1986) are shown in
Figure 3-39. In these plots, the Standard model generally can predict stagnation pressures at
the center of the jets very well along the axial direction. The comparisons are within ±20% for
both free and impinging jets.
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Figure 3-37 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data of Free Steam Jets in Masuda et al. (1981) of Mitsubishi Tests.
Error Bar: ±20%
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Figure 3-38 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data of Impinging Steam Jets in Masuda et al. (1981) of Mitsubishi
Tests. Error Bar: ±20%
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Figure 3 38 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data of Impinging Steam Jets in Masuda et al. (1981) of Mitsubishi
Tests. Error Bar: ±20% (cont.)
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Figure 3-39 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data of Saturated Steam Jets (a) Free Jet and (b) Impinging Jets in
Kawanishi et al. (1986) of Mitsubishi Tests. Error Bar: ±20%
3.2.1.1.2 Saturated Water/two-phase Jets
This section discusses the model evaluation results for saturated water/two-phase jets. The
experimental data employed in the assessment include those in Marviken tests (both free and
impinging jet), Mitsubishi tests (Kawanishi et al., 1986), JAERI tests, and KWU tests.
Among the six free jets in Marviken tests, selected times in Tests 1, 2, and 6 for saturated
water/two-phase jets are used for model evaluation. The experimental data in Test 5 are not
used because saturated water/two-phase jets are not investigated. The time after 6.6 s in Test 3
and all the time in Test 4 are not used due to unreliable data caused by the movement of the
central probe and instrumented beams. In total, 6 conditions for free saturated water/two-phase
jets in the Marviken tests are evaluated. A summary of the boundary conditions of the chosen
test times is shown in Table 3-6. The selected conditions from different pipe sizes have a quality
below 4% as shown in the table. A complete boundary conditions for each test can be found in
Table B-1 through Table B-5 of Appendix B. The calculated fluid temperature and critical mass
flux from the Standard model, and the differences between measured and calculated critical
mass flux are included in these tables of Appendix B.
Table 3-6 Summary of Selected Conditions in Marviken tests for ANSI/ANS-58.2 (1988)
Evaluation: Free Saturated Water/Two-phase Jets
Initial Stagnation
Test Number
Times (s)
Quality (-)
Break size (m)
Pressure (kPa)
Test 1
Test 2
Test 6

35

0.0022

3,146

0.5

50

0.0015

2,874

0.5

50

0.0017

3,881

0.28

60

0.0027

3,752

0.28

45

0.0045

2,974

0.5

60

0.04

2,640

0.5
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In the evaluation, the dimensionless pressures at different axial and radial locations are plotted.
In Tests 1 and 2, the pressures at the center of the jets (70 mm) were not measured but the
measurement was performed in Test 6. Figure 3-40 shows the axial distribution of
dimensionless pressures for one time condition in Test 6 as an example. The profiles at other
times are similar for the same test and a complete comparison can be found in Appendix B. In
the current work, the radial location closest to r = 70 mm from the Standard calculation is used
for comparison as shown in Figure 3-40. From the plots, the pressure predicted by the Standard
model can be slightly underestimated within about 1 D of the jet. As the distance from the break
plane increases, the Standard model can predict conservative values for the stagnation
pressure. The underestimation was also observed for Tests 2 and 6 by plotting the radial
pressure profiles as shown in Figure 3-41. For larger axial locations in Tests 2 and 6 and all the
locations in Test 1, the pressure can be predicted with conservative values.
Among the six impinging jets in Marviken tests, selected times in Tests 7, 8, 10, and 12 for
saturated water/two-phase jets are used for model evaluation. In Test 11, the only saturated
steam jets and no saturated water/two-phase jets were investigated. In total, 6 conditions for
impinging saturated water/two-phase jets in the Marviken tests are evaluated. A summary of the
boundary conditions of the chosen test times is shown in Table 3-7. The selected conditions
from different pipe sizes have a quality below 24% as shown in the table. A complete boundary
conditions for each test can be found in Table B-6 through Table B-10 of Appendix B. The
calculated fluid temperature and critical mass flux from the Standard model, and the differences
between measured and calculated critical mass flux are included in these tables of Appendix B.

Figure 3-40 Pressure Profiles at Different Axial Locations at 45 s in Test 6. Error Bar: ±20%
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Figure 3-41 Pressure Profiles at Different Radial Locations: (a) 50 s in Test 2 and (b) 45 s in
Test 6. Error Bar: ±20%
In the evaluation, the dimensionless pressures at different radial locations are plotted. The
experimental data in different tests provide model evalution at different axial locations. It is
found that the Standard model can generally predict conservative values for nondimensional
stagnation pressure at larger axial distances as in Test 7 (z/D = 4.05), Test 12 (z/D = 2.95), and
Test 8 (z/D = 2.06) as shown in Figure 3-42 for example. A complete comparison for the
saturated water jets in Tests 7, 8, and 12 can be found in the Appendix B.
For the conditions in the vicinity of the break plane such as Test 10 (z/D = 1.27), the
dimensionless pressures are underestimated at certain radial locations as shown in Figure 3-43.
A complete comparison for saturated water jets in Test 10 can be found in the Appendix B.
Table 3-7 Summary of Selected Conditions in Marviken Tests for ANSI/ANS-58.2 (1988)
Evaluation: Impinging Saturated Water/Two-phase Jets
Initial Stagnation Break size
Test Number Times (s)
Quality (-)
z/D (-)
Pressure (kPa)
(m)
Test 7
Test 8
Test 10
Test 12

30

0.005

3,003

0.5

4.05

45

0.1

2,489

0.5

4.05

30

0.0049

2,995

0.5

2.06

45

0.0199

2,580

0.5

2.06

45

0.0112

2,549

0.5

1.27

50

0.364

1,743

0.5

1.27

45

0.2439

2,212

0.5

2.95
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(a)

(b)

(c)

Figure 3-42 Pressure Profiles at Different Axial Locations: (a) 30 s in Test 7, (b) 30 s in Test 8,
and (c) 45 s in Test 12. Error Bar: ±20%
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Figure 3-43 Pressure Profiles at Different Axial Locations: 45 s in Test 10. Error Bar: ±20%
In Kawanishi et al. (1986), only the stagnation pressure at the center of the jets are measured.
Both free and impinging jets are investigated. The quality of the conditions studied in this work is
below 2% in a break size of 5 mm. The evaluation results using the experimental data in
Kawanishi et al. (1986) are shown in Figure 3-44. In these plots, the Standard model generally
underestimates the nondimensional stagnation pressure along the axial direction of the jets. The
degree of underestimation is within 20% in the vicinity of the break plane, but increasesin
Regions 2 and 3 of the jets. The predicted values by the Standard model generally become
comparable with the experimental data again at around 3 D in the axial location.

Figure 3-44 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data of Two-phase Jets (a) Free Jet and (b) Impinging Jet in
Kawanishi et al. (1986) of Mitsubishi Tests. Error Bar: ±20%
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Experiments for two saturated water jets were investigated in the JAERI tests (Yano et al.,
1984) with an initial stagnation pressure of 6.8 MPa and 5.6 MPa in a break size of 150 mm.
The stagnation pressure at targets were measured at two different axial locations of 2 D and
5 D. The evaluation results using the experimental data in Yano et al. (1986) are shown in
Figure 3-45. In these plots, the Standard model significantly underestimates the stagnation
pressure at the center region of the jets. The nondimensional stagnation pressure at the center
of the jets can be underestimated by 70% at an axial distance of 2 D. At a radius outside of 1 D,
the Standard model can predict the experimental data with conservative values. At an axial
distance of 5 D, the measured pressures are smaller than the ambient pressure due to
overexpansion of the jets, while the Standard model predicts positive values.

Figure 3-45 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data of Impinging Saturated Water Jets in Yano et al. (1984) of
JAERI Tests. Error Bar: ±20%
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Experiments were performed to investigate the saturated water jets in KWU tests (Kastner and
Rippel, 1987) with an initial stagnation pressure of 10 MPa in a break size of 65 mm. The
stagnation pressure at targets were measured at four different axial locations of 0.5 D, 1 D, 2 D
and 3 D. The evaluation results using the experimental data in Kastner and Rippel (1987) are
shown in Figure 3-46. In these plots, the Standard model can predict the stagnation pressure at
the center of the jet conservatively at an axial location of 0.5 D. However, for stagnation
pressure at other radial and axial locations, the stagnation pressures are significantly
underestimated.

Figure 3-46 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data of Impinging Saturated Water Jets in Kastner and Rippel (1987)
of KWU Tests. Error Bar: ±20%
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3.2.1.1.3 Subcooled Water Jets
This section discusses the model evaluation results for subcooled water jets. The experimental
data employed in the assessment include those in Marviken tests (both free and impinging jet)
and Mitsubishi tests (Kawanishi et al., 1986).
Among the six free jets in Marviken tests, selected times in Tests 1, 2, and 6 for subcooled
water jets are used for model evaluation, which are representative for different flow regimes. In
Test 5, no subcooled water jets were available for investigation. The time after 6.6 s in Test 3
and all the time in Test 4 are not used due to unreliable data caused by the movement of the
central probe and instrumented beams. In total, 12 conditions for free subcooled water jets in
the Marviken tests are evaluated. A summary of the boundary conditions of the chosen test
times is shown in Table 3-8. It can be seen that the selected conditions cover a wide range of
subcooling from 5.2°C to 45.4°C in different pipe sizes. Complete boundary conditions for each
test can be found in Table B-1 through Table B-5 of Appendix B. The calculated fluid
temperature and critical mass flux from the Standard model by the NRC FORTRAN code
Jet11p4 are also included in these tables of Appendix B. The differences between measured
and calculated critical mass flux are summarized in the last row.
Table 3-8 Summary of Selected Conditions in Marviken Tests for ANSI/ANS-58.2 (1988)
Evaluation: Free Subcooled Water Jets
Initial Stagnation
Test Number
Times (s)
Subcooling (°C)
Deff (m)
Pressure (kPa)
5
20.5
4,330
0.5
Test 1
10
14.5
3,926
0.5
20
6.5
3,461
0.5
10
24.8
4,622
0.28
Test 2
20
19.5
4,313
0.28
40
5.2
3,984
0.28
2
45.4
4,604
0.5
Test 3
4
42.1
4,390
0.5
5.5
39.0
4,161
0.5
5
16.0
4,049
0.5
Test 6
10
11.0
3,778
0.5
20
5.0
3,330
0.5
In the evaluation, the dimensionless pressures at different axial and radial location are plotted.
In tests 1 and 2, the pressures at the center of the jets (70 mm) were not measured but the
measurement was performed in Tests 3 and 6. Figure 3-47 shows the axial distribution of
dimensionless pressures for one time condition each in Tests 3 and 6 as an example. The
profiles at other times are similar for the same test and a complete comparison can be found in
Appendix B. As shown in the plots, the pressure predicted by the Standard model can be very
high in the vicinity of the break plane. This corresponds to the Region 1 in the jet geometry
modeled by the Standard (ANSI/ANS-58.2, 1988). As the jet moves further away from the break
plane, the pressures drop very rapidly. The axial position where the pressure drops significantly
is different for the two conditions presented. Based on the Standard model, the length of Region
1 in the axial direction (zc ) depends on the subcooling of the initial fluid prior to the break as
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shown in Equation (2-50). Since the condition shown in Test 3 has a much higher subcooling
than that in Test 6, the pressure starts to decrease at a further distance.
In addition, it is observed that the Standard model can predict conservative values for the
stagnation pressure in all the axial locations. However, the pressure is significantly overstimated
in Region 1. In the axial distance downstream, the Standard model prediction agrees better with
the experimental data. Meanwhile, the degree of over estimation is stronger in Test 3 in the
vicinity of the break plane than that in Test 6. It is found that this is related to the crtical mass
flux prediction. In the Standard model, the stagnation pressure is predicted by Equation (A-2), in
which the jet impingement force is calculated by the greater values of the two forces:

Ge2 Ae
+ Ae ( Pe − pamb )
Fb =
ρe gc

(3-22)

F=j Ae ( CT P0 − pamb ) ≅ CT P0 Ae

(3-23)

where Fb is the jet blowdown force from the generalized momentum equation, and Fj is a
conservative quasi-steady-state jet impinging force. Ge, Ae, Pe, P0 are the critical mass flux,
break area, fluid pressure at the break plane, and the initial stagnation pressure, respectively.
For the subcooled water jets, the Standard model predicts the critical mass flux using the HenryFauske model (1971). While this model slightly overestimates the critical mass flux for
conditions with relatively low subcooling, it can significantly overestimates that with high
subcooling.

Figure 3-47 Pressure Profiles at Different Axial Locations: (a) 2 s (ΔT = 45.4°C) in Test 3 and
(b) 5 s (ΔT = 16.0°C) in Test 6. Error Bar: ±20%
Among the six impinging jets in Marviken tests, selected times in Tests 7, 8, 10, and 12 for
subcooled water jets are used for model evaluation. In Test 11, only saturated steam jets and
no subcooled water jets were investigated. In total, 14 conditions for impinging subcooled water
jets in the Marviken tests are evaluated. A summary of the boundary conditions of the chosen
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test times is shown in Table 3-9. It can be seen that the selected conditions cover a wide range
of subcooling from 0.7°C to 24.2°C in different pipe sizes and axial locations. Complete
boundary conditions for each test can be found in Table B-6 through Table B-10 of Appendix B.
The calculated fluid temperature and critical mass flux from the Standard model by the NRC
FORTRAN code Jet11p4 are also included in these tables of Appendix B. The differences
between measured and calculated critical mass flux are summarized in the last row.
Table 3-9 Summary of Selected Conditions in Marviken Tests for ANSI/ANS-58.2 (1988)
Evaluation: Impinging Subcooled Water Jets
Subcooling Initial Stagnation Break size
Test Number Times (s)
z/D (-)
(°C)
Pressure (kPa)
(m)
Test 7

Test 8

Test 10

Test 12

5

19.2

4,318

0.5

4.05

10

12.5

3,784

0.5

4.05

20

3.3

3,234

0.5

4.05

5

23.6

4,285

0.5

2.06

10

14.7

3,756

0.5

2.06

20

3.6

3,209

0.5

2.06

5

22.9

4,283

0.5

1.27

10

14.7

3,806

0.5

1.27

20

3.1

3,238

0.5

1.27

30

0.7

2,988

0.5

1.27

5

24.2

4,321

0.5

2.95

10

17.0

3,855

0.5

2.95

20

5.8

3,398

0.5

2.95

30

1.4

3,163

0.5

2.95

In the evaluation, the dimensionless pressures at different radial location are plotted. The
experimental data in different tests provide model evalution at different axial locations. It is
found that the Standard model can generally predict conservative values for stagnation pressure
at larger axial distances as in Test 7 (z/D = 4.05) and Test 12 (z/D = 2.95) as shown in Figure
3-48 for example. In the plot for Test 12, l indicates the length of the pipe as shown in Figure
3-15. A complete comparison for the subcooled water jets in Tests 7 and 12 can be found in the
Appendix B.
For the conditions in the vicinity of the break plane such as Test 8 (z/D = 2.06) and 10 (z/D =
1.27), the dimensionless pressures are underestimated at certain radial locations. The Region 1
of jet geometry as discussed in the free jets is also observed in impinging jets from the Standard
model prediction as shown in Figure 3-49. A complete comparison for subcooled water jets in
Tests 8 and 10 can be found in the Appendix B.
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Figure 3-48 Pressure Profiles at Different Radial Locations: (a) 5 s (ΔT = 19.2°C) in Test 7 and
(b) 5 s (ΔT = 24.2°C) in Test 12. Error Bar: ±20%

(a)

(b)

Figure 3-49 Pressure Profiles at Different Radial Locations: (a) 5 s (ΔT = 23.6°C) in Test 8 and
(b) 5 s (ΔT = 22.9°C) in Test 10. Error Bar: ±20%
In Kawanishi et al. (1986), only the stagnation pressure at the center of the jets are measured.
Both free and impinging jets are investigated. The conditions studied cover a wide range of
subcooling from 8.6 °C to 80 °C in a break size of 5 mm. The evaluation results using the
experimental data in Kawanishi et al. (1986) are shown in Figure 3-50 and Figure 3-51. In these
plots, the Standard model overestimates the stagnation pressure at the center of the jets but
underestimates that at further distances. The degree of overestimation is more significant for the
relatively high subcooling condition. This is also observed when using the impinging jets data to
evaluate the Standard model. As discussed in previous section, this is because the critical flux
model is significantly overestimated for conditions with relatively high subcooling.
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Figure 3-50 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data of Free Subcooled Water Jets in Kawanishi et al. (1986). Error
Bar: ±20%

Figure 3-51 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data of Impinging Subcooled Water Jets in Kawanishi et al. (1986).
Error Bar: ±20%
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3.2.1.2 Two-phase Jet Loads Model (NUREG/CR-2913)
The NUREG/CR-2913 investigated the initial conditions that result in two-phase jets at pressure
above ambient conditions. The model is presented as a series of look-up tables and plots.
However, since the initial stagnation pressure of test conditions predicted by NUREG/CR-2013
are above 6 MPa, limited evaluation can be performed using the Marviken tests data, where the
stagnation pressure is below 5 MPa. The evaluation shown here are the ones included in
NUREG/CR-2913, with axis values added to the figures as shown in Figure 3-52 through Figure
3-54. It is observed that NUREG/CR-2913 can generally predict the data very well.
The prediction for stagnation pressure by ANSI/ANS-58.2 (1988) is also shown in Figure 3-54
for comparison. As explained in Section 3.1.1.2.1, the stagnation pressure is significantly
overestimated by the Standard because the critical mass flux is overestimated, by 90% for Test
3.

Figure 3-52 Comparison between NUREG/CR-2913 and Experimental Data in Marviken Tests
of Test 1 for Static Pressure: (a) 5 s, (b) 20 s, and (c) 35 s. Error Bar: ±20%.
Comparisons are Obtained from NUREG/CR-2913
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Figure 3-53 Comparison between NUREG/CR-2913 and Experimental Data in Marviken Tests
for Static Pressure: (a) Test 2: 30 s, (b) Test 3: 2 s. Error Bar: ±20%. Comparisons
are Obtained from NUREG/CR-2913
3.2.2

Jet Core Length

The approach to calculate the jet core length in the Standard model (ANSI/ANS-58.2, 1988) as
given in Equation (3-1) is evaluated in the current section. The experimental data obtained by
Celata et al. (1986) using X-rays are used. To simulate the LOCA accidents in LWRs, Celata et
al. (1986) investigated the length of jet core for subcooled conditions (0.8 MPa < P0 < 2.5 MPa;
0°C < ΔT < 110°C) in a pipe size of 4.6 mm, where the effect of friction on jet core length is also
investigated. Three different frictional lengths are used: Lp/D = 10, 100, and 300. It is found that
increasing the degree of subcooling increases the jet core length, while increasing the friction
generally decreases the jet core length. This indicates that the effect of increasing friction is
similar to that of decreasing the degree of subcooling.
In Figure 3-55, the experimental data for jet core length obtained in Celata et al. (1986) are
compared with the model in ANSI/ANS-58.2 (1988) and that in Luxat (2017). All the
experimental data for different initial stagnation pressures and frictional lengths are included in
the plot. Considering that the approach in the Standard model does not include the effect of
friction, it is reasonable to compare the Standard model (Equation (3-1)) to the experimental
data with the minimum frictional effect (Lp/D =10). As shown in the plots, the standard model
can only predict the experimental data well for a small range of subcooling conditions (< 30°C)
under the minimum frictional effect. For conditions with higher subcooling, the Standard model
underestimates the jet core length. The underestimation is also observed by the model from
Luxat (2017).
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Figure 3-54 Comparison between ANS/ANSI-58.2 (1988), NUREG/CR-2913 and Experimental
Data in Marviken Tests of Test 3 for Stagnation Pressure: (a) 2 s, (b) 4 s and (c)
5 s. Error Bar: ±20%. Comparisons between NUREG/CR-2913 and Experimental
Data are Obtained from NUREG/CR-2913
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Figure 3-55 Comparison between ANS/ANSI-58.2 (1988), Luxat (2017) and Experimental Data
in Celata et al. (1986) on Jet Core Length
3.2.3

Thrust Coefficient

The thrust coefficients for steam-water jet have been investigated in Mitsubishi test (Kawanishi
et al., 1986) and JAERI test (Yano et al., 1984). In the study by Kawanishi et al. (1986), the CT
was investigated, and the results for CT obtained at 2.05 MPa are shown in Figure 3-56. As
shown in the figure, the CT for the round edge nozzle is about 1.1 ~ 1.2 in the two-phase region.
For the sharp nozzle, CT reduces about 20% compared to round nozzle. In the plot, the models
for CT used in the Standard as discussed in Appendix B are also shown for comparison. The
equations presented in Section B2 of Appendix B are used to calculated CT in the subcooled
water region and a value of 1.26 is used for saturated steam jets. While the Standard model
discusses CT for saturated water/two-phase jets in Fig. B-5 for different pressure conditions,
they are generally around 1.2. As shown in the plot, the Standard model compares well with
experimental data.
3.2.4

Critical Mass Flux

3.2.4.1 Evaluation of Critical Mass Flux Model
The evaluation is performed by comparing the critical mass flux calculated by the NRC
FORTRAN code (Jet11p4) and the experimental data measured in the Marviken tests
(Marklund, 1985a; 1985b). In the Marviken tests, the critical mass flux (Gcr) was measured by
two independent methods: vessel mass inventory method and pitot-static method. These
measurements provide valuable data for critical mass flux model evaluation. This first method
calculates the time rate of change of vessel mass using differential pressure measurements.
The maximum measurement uncertainty for subcooled and saturated flows using this method is
±12%. The second method calculates the critical mass flux using the pitot-static measurements
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in combination with local densities obtained from the gamma densitometer. The maximum
measurement uncertainty of this approach is -45% to +30% for subcooled and saturated flows
and -45% to +35% for steam flow. The critical mass flux obtained by these two methods
generally agree well with each other in the Marviken tests.

Figure 3-56 Thrust Coefficient for Subcooled Water and Two-phase Mixture Jets at 2.05 MPa
(plots from Kawanishi et al., 1986) Compared with the Standard Model
(ANSI/ANS-58.2, 1988)
Figure 3-57 shows the comparison between the critical mass flux calculated by the NRC
FORTRAN code (Jet11p4) and the experimental data. The comparison is divided into three
regions: subcooled water jets (ΔT > 0) with Gcr > ~17,500 kg/m 2s, saturated water/two-phase
jets (water dominant: 0≤ x< 0.7) with ~6,000 kg/m 2s < Gcr < ~17,500 kg/m 2s, and saturated
steam jets (steam dominant: x ≥ 0.7) with Gcr < ~6,000 kg/m 2s.
For subcooled water jets, the maximum value of Homogeneous Equilibrium Model (HEM)
calculation (Gcr,HEM) and Henry-Fauske (HF) model calculation (Gcr,HF ) is chosen for Gcr:

Gcr = max ( Gcr,HEM , Gcr,HF )

(3-24)

HEM is used to calculated Gcr for two-phase jets with an inlet quality of 0 ≤ x < 0.9999 in the
code, and the maximum value of HEM calculation (Gcr,HEM) and isentropic expansion calculation
(Gcr,IE) is chosen for jets with an inlet quality of x ≥ 0.9999:

Gcr = max ( Gcr,HEM , Gcr,IE )

(3-25)

As shown in the comparison, the critical mass flux for saturated water/two-phase and saturated
steam jets can be generally predicted within ±30%. However, for subcooled water jets, the
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critical mass flux is generally overpredicted using Equation (3-24). Especially for conditions with
high subcooling (Test 3: ΔT = 39 ~ 45°C), the critical mass flux can be overestimated by 90%.
To investigate the performance of each model, the current work also outputs the Gcr calculation
from different models in different jet regimes.

Figure 3-57 Comparison on Critical Mass Flux between Calculated Values by NRC FORTRAN
Code (Jet11p4) and Experimental Data in Marviken Tests.
3.2.4.1.1 Subcooled Water Jets
The performance of HEM and the Henry-Fauske model (1971) for subcooled water jets is
investigated as shown in Figure 3-58. The comparison between calculated Gcr and measured
Gcr in Marviken tests is shown in Figure 3-58 (a) and the percentage error as a function of the
degree of subcooling is shown in Figure 3-58 (b). As shown in the plots, the Henry-Fauske
model (1971) predicts the data well in relatively high mass flux region (degree of subcooling >
10 K), but significantly overestimates the data in low mass flux region (degree of subcooling <
10 K). This might be because the Henry-Fauske model does not allow for heat and mass
transfer between liquid and gas phases, it can significantly overestimate the critical mass flux.
This overestimation becomes more significant as the degree of subcooling decreases. The HEM
significantly overestimates the data in high mass flux region (e.g., Test 3) and underestimates
the data in low mass flux region. As such, the maximum value given by Equation (3-24) is that
calculated by HEM in high mass flux region and that calculated by Henry-Fauske model in low
mass flux region.
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Figure 3-58 (a) Comparison between Calculated Gcr and Measured Gcr in Marviken Tests for
Subcooled Water Jets and (b) Prediction Error as a Function of the Degree of
Subcooling
The experimental data for critical mass flux obtained by Celata et al. (1986) are also used for
model evaluation. Figure 3-59 (a) shows the experimental data obtained by Celata et al. (1986)
in a 4.6 mm pipe. Due to the friction, only the experimental data with minimum frictional effect
(Lp/D = 10) are shown in the plots and are compared in the current work. As shown in the figure,
the critical mass flux increases with increasing the degree of subcooling and initial pressure in
the vessel. These experimental data are compared with HEM prediction and HF model
prediction (1971) as shown in Figure 3-59 (b) and (c), respectively. For experimental condition
with low subcooling (ΔT ~ 4°C), HEM underestimates the data, but in general the data for critical
mass flux are overestimated. The average percent different using HEM is ±196.6%. Compared
to HEM, the HF model also overpredicts the experimental data but with small difference. The
average percentage difference using HF model is ±10.2%.
From the above analysis, it can be seen that HF model generally overestimates Gcr for
subcooled water jets, which is also observed in previous work. Figure 3-60 shows the
comparison between HF model and the experimental data collected in Forrest et al. (1987). The
critical mass flux for three different subcooling and different nozzle sizes are used. As shown in
the figure, the experimental data are generally overestimated, especially in high pressure
conditions. However, the nozzle size may have negligible effect on the critical mass flux, based
on the experimental data.
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Figure 3-59 Critical Mass Flux for Subcooled Water Jets: (a) Experimental Data in Celata et al.
(1986) for Lp/D = 10 in 4.6 mm Pipe, (b) Comparison between Experimental Data
and HEM, and (c) Comparison between Experimental Data and Henry and Fauske
Model (1971)
3.2.4.1.2 Saturated Water/Two-Phase Jets
The performance of the homogeneous models including HEM and Henry-Fauske model (1971)
is compared in Figure 3-61. The comparison between calculated Gcr and measured Gcr in
Marviken tests is shown in Figure 3-61 (a) and the percentage error as a function of the quality
is shown in Figure 3-61 (b). As shown in the plots, the Henry-Fauske model (1971) predicts the
data well in relatively high-quality region (quality > 0.01), but significantly overestimates the data
in low-quality region (quality < 0.01). As explained in the last section, the Henry-Fauske model
does not allow for heat and mass transfer between liquid and gas phases. The overestimation of
the critical mass flux becomes more significant as the quality of the flow decreases. The HEM
can generally predict the data within ±50%.
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Figure 3-60 Comparison on Critical Mass Flux between Henry-Fauske (1971) and Experimental
Data. Plot from Forrest et al. (1987)

Figure 3-61 Homogeneous Models: (a) Comparison between Calculated Gcr and Measured Gcr
in Marviken Tests for Saturated Water/Two-phase Jets and (b) Prediction Error as
a Function of the Quality
3.2.4.1.3 Saturated Steam Jets
The performance of HEM and Isentropic Expansion for high-quality steam jets (x ≥ 0.9999) is
investigated as shown in Figure 3-62. Generally, HEM predicts similar Gcr with the isentropic
expansion calculation. Both approaches can predict the data very well. The average percentage
difference between experimental data and the predicted values are ±5.82% and ±9.52%,
respectively, for Isentropic expansion and HEM.
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Figure 3-62 Comparison between Calculated Gcr and Measured Gcr in Marviken Tests for Jets
with Inlet x ≥ 0.9999
3.2.4.2 Summary of Model Performance
The performance of different critical mass flux models for different jet regimes is summarized as
shown in Table 3-10. As shown in the table, the Henry-Fauske model (1971) works best for the
subcooled-water jets with an average percentage difference of ±22.75%. The HEM works best
for the saturated water/two-phase jets with an average percentage difference of ±16.90%. The
Isentropic Expansion works best for saturated steam jets with an average percentage difference
of ±5.82%, with HEM showing similar performance. These models with best performance are
currently used in the ANSI/ANS-58.2 (1988) Standard.
Table 3-10 Summary of Selected Conditions in Marviken Tests for ANSI/ANS-58.2 (1988)
Evaluation: Subcooled Water Jets
Subcooled Water Saturated Water/TwoSaturated Steam
Models
Jets
Phase Jets
Jets
HEM
Henry-Fauske
(1971)
Isentropic
Expansion

±25.73%

±16.90%

±9.52%

±22.75%

±48.23%

-

-

-

±5.82%
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3.2.4.3 Sensitivity of Gcr in Jet Prediction
As shown by the analysis in Section 3.2.4.1, the critical mass flux can be predicted with
uncertainty using different models, which will propagate into jet prediction. In order to isolate this
uncertainty in jet prediction, the current work uses the experimentally measured Gcr as an input.
Figure 3-63 shows the comparison on pressure distribution within the jet between experimental
data and jet code prediction. In the plots, three different values of Gcr are used for jet code
prediction, where Gcr_HEM, Gcr_HF, and Gcr_exp are critical mass flux calculated by HEM, HF
model and that measured in Marviken tests, respectively. As discussed in Section 3.2.4.1,
Gcr_HEM is used in the code for further jet prediction and the results are shown in Figure 3-63
(a). Using experimental data and HF model calculated Gcr, the pressure can be predicted better
as shown in Figure 3-63. Therefore, it can be concluded that the overprediction of Gcr using
HEM contributes to the major uncertainty of pressure prediction in Test 3.

Figure 3-63 Comparison on Experimental and Predicted Pressure within the Free Jet in
Marviken Test (Test 3) using Different Critical Mass Flux Values
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3.2.5

Distance between Break Plane and Asymptotic Plane

In ANSI/ANS-58.2 (1988), the asymptotic plane is a plane downstream of the break plane where
the static pressure of the jet drops to the ambient condition. It is an important modeling concept
used in the Standard model because it separates Region 2 and Region 3, where the jet
geometries are defined differently. A constant angle of 45 degree is used for the jet spreading
angle in Region 2 while a constant value of 10 degree is used in Region 3. As such, the
distance between the break plane and the asymptotic plane will determine the zone of influence
and it is important to evaluate the distance predicted by the Standard.
To determine the position of the asymptotic plane, the Standard first calculates the asymptotic
jet area:
Aa  Gcr2 
=

Ae  ρ a CT P0 

(3-26)

where Aa, Ae, Gcr, ρa, CT, P0 are jet area at the asymptotic plane, jet area at the break plane,
critical mass flux at the break plane, mixture density at the break plane, thrust coefficient, and
initial stagnation pressure in the vessel, respectively. With Aa, the distance between the
asymptotic plane and the break plane (z a) is calculated by:
za 1 
=

D 2 


Aa
− 1
Ae


(3-27)

where D is the break size. In ANSI/ANS-58.2 (1988), the jet area at any location from the break
plane to the asymptotic plane is calculated from:

 z  Aa

=
1
+
−
1



AeCTe*  za  AeCTe*

Aj

(3-28)

where Aj and z are jet area at the location of interest and distance between the break plane and
location of interest, respectively. As such, Equations (3-27) and (3-28) assume a jet spreading
angle of 45° between the break plane and the asymptotic plane.
It needs to be noted that Equation (3-26) to calculate the asymptotic jet area is from an EPRI
report (Healzer and Singh, 1986). Since the Standard does not provide enough physical
explanation and it is difficult to obtain this EPRI report, it is not clear how Equation (3-26) is
derived. Wallis (2004) has the same comment and he suggested that Equation (3-26) might be
obtained by manipulating the following two equations:

Aa ρeue
=
Ae ρ a ua

continuity equation

Aa ρeue2 + pe
=
Ae
ρ a ua2

(3-29)

momentum balance

(3-30)
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where ρe, ue, ua, pe are mixture density at the break plane, jet velocity at the break plane, jet
velocity at the asymptotic plane and static pressure at the break plane, respectively. It is found
that Equation (3-26) can be obtained by squaring Equation (3-29) and then dividing by Equation
(3-30). In this derivation, the definition of the thrust coefficient is used:

CT =

ρeue2 + pe

(3-31)

P0

Therefore, depending on which equation to use, the area ratio of Aa with respect to Ae can have
different values (i.e., Equation (3-26), Equation (3-29), and Equation (3-30)).
Wallis (2004) presented a rough calculation for a condition of saturated water jet at 2000 psi. It
is found that Equation (3-30) predicts the area ratio with the minimum value, while Equation (329) predicts that with twice the value of Equation (3-30), and Equation (3-26) predicts that with
five times the value of Equation (3-30). When comparing the performance of these equations,
Wallis (2004) argues that the expansion of jet from the break is two-dimensional, and the onedimensional assumption is not valid for this problem. The velocity vector does not only have an
axial component but also have a radial component. As such, Equation (3-29) which is from the
continuity equation cannot be used to derive the area ratio.
In addition, Wallis (2004) pointed out that the way to calculate the mixture density in the
Standard is not correct. In the Standard, the mixture density at the asymptotic plane is
calculated based on assumptions that the enthalpy is constant, and the flow is brought to rest at
a stagnation condition at the asymptotic plane. However, the jet flow at the asymptotic plane
could still be supersonic and a stagnation condition at the asymptotic plane might not be valid.
This also contributes to the uncertainty in area ratio calculation. Instead of assuming the
constant enthalpy, Wallis (2004) suggested the expansion to be isentropic.
In order to evaluate the comments from Wallis (2004), the experimental data in Marviken tests
(Marklund, 1985a) is employed. In this test, the static pressures at different axial locations were
measured downstream of the break plane in the free jets, which provide valuable data for the
current evaluation. The current report employs the static pressures obtained at the central
probe. An example of the static pressure with respect to the dimensionless distance from the
break plane (z/Deff ) is shown in Figure 3-64, where Deff is the break size accounting for the size
of the central probe. The ambient pressure is also shown in the plot to determine the position of
the asymptotic plane.
As a result, the dimensionless distances for conditions shown in Figure 3-64 are 2.0 for the
subcooled water jet in Figure 3-64 (a), 1.0 for the saturated water/two-phase jet in Figure 3-64
(b), and 1.3 for the saturated steam jet in Figure 3-64 (c), and 0.4 for the saturated steam jet in
Figure 3-64 (d). The current work obtained the dimensionless distances for all the valid free jet
conditions in the Marviken tests. These conditions have been investigated in Task 2 to evaluate
the model prediction on pressure distribution. Complete plots to determine the position of the
asymptotic plane for all the conditions investigated can be found in Appendix C.
Using the obtained experimental data, the values predicted by the ANSI/ANS-58.2 (1988) are
evaluated. The comparison between the model prediction and the experimental values is shown
in Figure 3-65. As shown in the plot, the dimensionless distance is generally overpredicted by
the ANSI/ANS-58.2 (1988), except for the conditions of steam jets. The dotted line in the figure
indicates an overestimation of 100% for subcooled water and saturated water/two-phase jets.
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As such, the zone of influence of these jets is overestimated using the Standard model. This
corresponds to an overestimation of area ratio with a factor of 4, which generally agrees with the
analysis by Wallis (2004). In addition, this may indicate that Equation (3-30) can predict the
distance with a higher accuracy.

Figure 3-64 Static Pressure along the Axial Direction of Jet Downstream of the Break Plane: (a)
Subcooled Water Jet, (b) Saturated Water/Two-phase Jet, (c) and (d) Saturated
Steam Jets
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Figure 3-65 Comparison on Dimensionless Distance of the Asymptotic Plane between the
Prediction by ANSI/ANS-58.2 (1988) and the Experimental Data from Marviken
Tests (Marklund, 1985a)
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4 MODEL IMPROVEMENT AND GUIDANCE DEVELOPMENT
Based on the literature review of jet impingement and model evaluation, the Standard model is
revised and model guidance is developed in the current chapter to address the potential nonconservatisms as addressed in the Standard Review Plan (2015), which includes (a) blast wave
effect, (b) jet plume expansion and zone of influence, (c) distribution of pressure within the jet
plume, and (d) jet dynamic loading.

4.1
4.1.1

Model Improvement
Model Revision

Based on the model evaluation results in Chapter 3, the following discussion is provided for
potential revision of the Standard model. These recommendations are made based on the
existing experimental data in literature. Additional improvements might be needed when more
comprehensive and systematic data are available in the future.
4.1.1.1 Jet Core Length
As demonstrated in Section 3.2.2, the jet core length can be under-estimated by the Standard
(Equqation (C-1) in Appendix C) for conditions with high degrees of subcooling in small-scale
break jets. The current work proposes a new correlation using the experimental data obtained in
Celata et al. (1986) ,where jet core length was investigated for subcooled water jets (0.8 MPa <
P0 < 2.5 MPa; 0°C < ΔT < 110 °C) in a pipe size of 4.6 mm. The effect of friction on jet core
length was also studied with three different frictional lengths: Lp/De = 10, 100, and 300. It was
found that increasing the degree of subcooling increases the jet core length, which increasing
the friction decreases the jet core length. For model development, the experimental data with
minimum friction effect are used, considering that friction decreases the jet core length. As a
result, the following correlation is suggested to predict the jet core length:

zc 0.26 1.8∆T + 0.5
=
D  0.062∆T + 0.5

for
for

0 ≤ ∆T ≤ 30 C
∆T > 30 C

(4-1)

where ΔT is the degree of subcooling at the break plane with a unit of °C. Therefore, for
conditions with low degree of subcooling, the correlation uses the Standard model. While for
conditions with high degree of subcooling, a linear relation is used. The comparison between
Equation (4-1) and experimental data as well as other models are shown in Figure 4-1.
It needs to be noted that the jet core length predicted by Equation (4-1) cannot be larger than
the asymptotic plane distance. In addition, Equation (4-1) is developed based on experimental
data with friction effect in a small range of test conditions. A more comprehensive and
systematic database is needed in the future.
4.1.1.2 Pressure Distribution
From the evaluation results in Section 3.2.1, the pressure can be predicted well for saturated
steam jets except for edge-peaking profiles at far distances (z > 3.3D). However, the
dimensionless stagnation pressures at these distances are below 0.07. Therefore, revision is
not suggested for the pressure prediction of saturated steam jets.
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Figure 4-1 Comparison on Jet Core Length Modeling: New Correlation, ANSI/ANS-58.2 (1988),
Luxat (2017) and Experimental Data in Celata et al. (1986)
For saturated water/two-phase jets, the pressure can be under-predicted by -20% ~ -60% in
small-break jets (D ≤ 0.15 m). As such, the following equation is developed to calculate the
pressure at the center of jets:

z

Pc* =
1.70exp  −1.06  z ≥ zc for D ≤ 0.15 m, 0.0001 < x < 0.9999
D


(4-2)

where zc is the jet core length, and Pc * is the dimensionless pressure at jets center:

Pc* =

Pc − pamb
P0 − pamb

(4-3)

where Pc is the pressure at jets center on the target, pamb is the ambient pressure, and P0 is the
initial stagnation pressure prior to break.
As shown in Figure 4-2, Equation (4-2) can predict the pressure the center of jets well for both
free and impinging jets. It is recommended to replace Equations (D-11) and (D-13) in the
Appendix D of the Standard model for saturated water/two-phase jets.
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Figure 4-2 Comparison on Pressure Distribution along the Center of Jets between the New
Correlation and Experimental Data for Saturated Water/Two-phase Jets
For subcooled water jets, the pressure can be under-predicted by -90% in small-break jets (D ~
0.005 m). Meanwhile, the pressure is strongly dependent on the degree of subcooling and jet
type (i.e., free or impinging) based on the experimental data in Kawanishi et al. (1986) as shown
in Figure 4-3. Considering that the break size is relatively small (D ~ 0.005 m), the impinging
force and zone of influence will not be significantly large even if the pressure is over-estimated.
The current work chooses to use the experimental data with the largest degree of subcooling
(ΔT ~ 80°C) to develop correlations. As discussed in Section 4.1.1.1, the jet core length is about
5.5 for a subcooled water jet with ΔT ~ 80°C. By excluding the pressure data within jet core, the
fitting curve is obtained as:
2

 z
 z
=
Pc* 0.0069   − 0.25   + 2.24 z ≥ zc for D ≤ 0.005 m
D
D

(4-4)

After implementing Equation (4-4) to revise the Standard model, discontinuities are observed for
some conditions. This is because Equation (4-4) is developed for the condition with the highest
degree of subcooling. It can predict higher pressure than the pressure in the jet core for the
condition with relatively low degree of subcooling. However, this is not physically correct.
Therefore, the following equation is used:
2
 Fj

z
z
=
Pc min  ,0.0069   − 0.25   + 2.24  z ≥ zc for D ≤ 0.005 m
 Aje

D
D


*

(4-5)

with

 G2 A

=
Fj max  e e + Ae ( Pe − Pamb ) , Ae ( CT P0 − Pamb ) 
 ρe gc


(4-6)

and
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Aje = CT Ae

(4-7)

As shown in Figure 4-3, all the pressure data can be predicted conservatively using Equation (44).

Figure 4-3 Comparison on Pressure Distribution along the Center of Jets between the New
Correlation and Experimental Data for Subcooled Water Jets
Based on the above discussion, the proposed recommendations for potential model revision are
summarized in Table 4-1. It needs to be noted that the current revision suggestions are made
based on the existing experimental data in literature and current model evaluations results. A
comprehensive and systematic experimental database is needed to further improve the
Standard model in the future.
Table 4-1 Recommendations for Potential Model Revision
Saturated water/twoSaturated steam
Subcooled water
Jet regimes
phase
(x
≥
0.7,
ΔT
=
0)
(ΔT > 0)
Parameters
(0.0001 ≤ x < 0.7, ΔT = 0)
Jet types
Free Impinging
Free
Impinging
Free
Impinging
ANSI/ANS-58.2
Jet core length
ANSI/ANS-58.2 (1988)
Equation (4-1)
(1988)
ANSI/ANS-58.2
Region 1
ANSI/ANS-58.2 (1988)
ANSI/ANS-58.2 (1988)
(1988)
Non small-break (D >
Large-break
(D
>
0.15
m):
0.005 m):
Pressure
Regions
2
ANSI/ANS-58.2
(1988)
ANSI/ANS-58.2
(1988)
distribution
ANSI/ANS-58.2
and 3
(1988)
(z > zc )
Small-break (D ≤ 0.15 m): Small-break (D ≤ 0.005
m):
Equation (4-2)
Equation (4-5)
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4.1.2

Evaluation of Revised Model

The U.S. NRC revised the jet code based on the recommendations in Section 4.1.1. In this
section, the revised code is evaluated using the experimental data. The conditions for jet
impingement with small diameter breaks are investigated since the code revision only affects
small diameter jets. In the following comparisons, the predictions of ANSI/ANS-58.2 (1988) are
made by the original code jet11p4, and those of Rev ANSY/ANS-58.2 (1988) are made by the
revised code jetrev12p0.
4.1.2.1 Saturated Water/Two-Phase Jets
The experimental data in Mitsubishi tests (Kawanishi et al., 1986), JAERI tests (Yano et al.,
1984), and KWU tests (Kastner and Rippel, 1987) are used for model evaluation. In Kawanishi
et al. (1986), only the stagnation pressure at the center of the jets was measured for three
conditions with an initial stagnation pressure of 4.0 MPa and a break size of 5 mm. In Yano et
al. (1984), the stagnation pressure for saturated water jets at the targets were measured at two
different axial locations of 2 D and 5 D. Two initial stagnation pressure of 6.8 MPa and 5.6 MPa
were investigated with a break size of 150 mm. In Kastner and Rippel (1987), the stagnation
pressure for saturated water jets at targets was measured at four different axial locations of 0.5
D, 1D, 2 D, and 3 D. An initial stagnation pressure of 10 MPa was investigated with a break size
of 65 mm. In evaluating the code using saturated-water data, the quality is set slightly above
0.0001 (i.e., 0.000101) to activate Equation (4-2). The comparisons between revised code and
original code as well as experimental data are shown in Figure 4-4 through Figure 4-6. As
shown in the comparison in Figure 4-4, the revised code can predict the experimental data well,
while the original code underestimates the data downstream of the Region 1. As shown in the
comparison in Figure 4-5 and Figure 4-6, the revised code can predict the experimental data
conservatively, while the original code significantly underestimates the stagnation pressure at
the central region of the jets.
4.1.2.2 Subcooled Water Jets
The evaluation results using the experimental data in Kawanishi et al. (1986) are shown in
Figure 4-7 and Figure 4-8 for free jets and impinging jets, respectively. Only the stagnation
pressure for subcooled water jets at the center of the jets was measured for five conditions. An
initial stagnation pressure of 4.0 MPa was investigated with a break size of 5 mm, two
conditions for free jets and three conditions for impinging jets. As shown in the comparison, the
revised code predicts conservatively for all the conditions investigated. Meanwhile, the revised
code still predicts significantly high pressure in the Region 1 particularly for conditions with high
degree of subcooling. As discussed in a previous section, this is because the critical mass flux
is significantly overpredicted.
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Figure 4-4 Stagnation Pressure at the Center of Two-phase Jets. Comparison between the
Original Code (ANSI/ANS-58.2, 1988), Revised Code (Rev ANSI/ANS-58.2, 1988),
and Experimental Data: (a) Free Jet, (b) and (c) Impinging Jet in Kawanishi et al.
(1986) of Mitsubishi Tests. Error Bar: ±20%
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Figure 4-5 Stagnation Pressure at the Center of Targets for Saturated Water Impinging Jets.
Comparison between the Original Code (ANSI/ANS-58.2, 1988), Revised Code
(Rev ANSI/ANS-58.2, 1988), and Experimental Data in Yano et al. (1984) of JAERI
Tests. Error Bar: ±20%
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Figure 4-6 Stagnation Pressure at the Center of Targets for Saturated Water Impinging Jets.
Comparison between the Original Code (ANSI/ANS-58.2, 1988), Revised Code
(Rev ANSI/ANS-58.2, 1988), and Experimental Data in Kastner and Rippel (1987) of
KWU Tests. Error Bar: ±20%
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Figure 4-7 Stagnation Pressure at the Center of Subcooled Water Free Jets. Comparison
between the Original Code (ANSI/ANS-58.2, 1988), Revised Code (Rev ANSI/ANS58.2, 1988), and Experimental Data in Kawanishi et al. (1986) of Mitsubishi Tests.
Error Bar: ±20%
4.1.3

Summary of Recommended Models

A systematic evaluation of the Standard model (ANSI/ANS-58.2, 1988) in this chapter. Based on
the model evaluation results, the performance of various models is summarized for different jet
types and regimes. Important jet impingement parameters investigated include jet core length,
thrust coefficient, critical mass flux, and pressure distribution within jets. Different jet types
including free and impinging jets, and different jet regimes including subcooled water jets,
saturated water/two-phase jets, and saturated steam jets are considered. The model
performance is summarized here and presented in Table 4-2.
For small break jets (D ~ 0.005 m), the model in ANSI/ANS-58.2 (1988) predicts the jet core
length well for conditions with relatively low degree of subcooling (0 < ΔT < 30°C). For
conditions with higher degree of subcooling, the Standard underestimates the jet core length.
However, the Standard model can predict the jet core length well based on the dimensionless
stagnation pressure prediction in large break jets. For saturated wate/two-phas jets and
saturated steam jets, the Standard model can predict the jet core length well.
For the thrust coefficient, it can be predicted well using various models for different jet regimes,
which are currently recommended and employed in the Standard (ANSI/ANS-58.2, 1988).
For critical mass flux prediction, the Homogeneous Equilibrium Model (HEM) can be used for
saturated water/two-phase jets, while Henry and Fauske model (1971) is recommended for
subcooled water jets. The Isentropic Expansion model predicts the critical mass flux for
saturated steam jets with the best performance, while the HEM can also predict the data well for
saturated steam jets. The best performance models for different jet regimes are currently
recommended in the Standard.
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Zone 3

Zone 2
Small-break (D < 0.01 m):
< -20% for 0.5 < z* < 3;
> -20% for z* > 3, however
Pexp* < 0.07

Large-break (D > 0.28 m):
Pmodel* = 0 ~ 0.4, while Pexp* ~ 0;

-5% ~ +20%

Large-break (D > 0.28 m):
Pmodel* ~ 0.1, while Pexp* ~ 0;
Small-break (D ~ 0.005 m):
-90%

Large-break (D > 0.28 m):
Pmodel* = 0 ~ 0.4, while Pexp* ~ 0;
Small-break (D < 0.15 m):
-20% ~ -60 %

±20%

Large-break (D > 0.28 m):
ANSI/ANS-58.2 (1988)
Small-break (D ~ 0.005 m):
Equation (4-5)
+20% ~ +200% (ΔT = 40°C) or
+700% (ΔT = 80°C)

Henry and Fauske (1971)c
(±22.75%)a

Small-break (D ~ 0.005 m)b:
Equation (4-1)
1.2 ≤ CT ≤ 2.0
Webb (1976)c

Free
Impinging
Large-break (D > 0.28 m)a:
ANSI/ANS-58.2 (1988);

Subcooled water
(ΔT > 0)

Position of the asymptotic
ANSI/ANS-58.2 (1988)
ANSI/ANS-58.2 (1988) with an overestimation of 100%
plane
a
: Based on the experimental data in Marviken tests (Marklund, 1985a);
b
: Based on the experimental data in Celata et al. (1986);
c
: Models recommended and employed in ANSI/ANS-58.2 (1988);
d
: Correlations developed in Section 3.1.2.

Pressure (P* )
preduction by
ANSI/ANS58.2 (1988)

Zone 1

Pressure at jet center

Critical mass flux

CT ~ 1.2
Lahey and Moody (1977)c

Maximum CT = 1.26
Webb (1976)c ; Shapiro (1965)c

Thrust coefficient
For x > 0.9999
For 0 ≤ x < 0.9999
Isentropic expansionc (±5.82%)a;
Homogeneous Equilibrium Model
Homogeneous Equilibrium Model
(HEM)c (±16.9%)a
(HEM) (±9.52%)a
Large-break (D > 0.28 m):
ANSI/ANS-58.2 (1988)
ANSI/ANS-58.2 (1988)
Small-break (D < 0.15 m):
Equation (4-2)

ANSI/ANS-58.2 (1988)

ANSI/ANS-58.2 (1988)

Jet core length

Table 4-2 Recommended Models and Their Performance for Different Jet Types and Regimes
Jet
Saturated steam
Saturated water/Two-phase
regimes
(x
≥
0.7,
ΔT
=
0)
(0 ≤ x < 0.7, ΔT = 0)
Parameters
Jet types
Free
Impinging
Free
Impinging

For pressure at the jet center, it is found that the power law can generally provide a good
prediction for both free and impinging jets, while the exponential function can also be used for
impinging jets in addition to the power law. The Standard model (ANSI/ANS-58.2, 1988) can
predict the pressure distribution well for saturated steam jets except for those at far distances (z
> 3.3 D). However, the dimensionless stagnation pressures at these distances are below 0.07.
For saturated water/two-phase jets, the Standard model can predict the stagnation pressure
well for the large-scale tests (D > 0.28 m), but underestimates those in the medium-scale and
small-scale tests (D < 0.15 m).
For the position of the asymptotic plane, the evaluation results have demonstrated that the
current model in Standard can predict the distance well for saturated steam jets. For saturated
water/two-phase and subcooled water jets, the current model in Standard generally predicts the
distance with an overestimation of 100%. As such, the zone of influence of these jets is
overestimated using the Standard model. Despite this, the non-dimensional stagnation pressure
is predicted conservatively in Region 3 as demonstrated by the current model evaluation. Table
4-3 provides a quick look-up table to summarize the conditions investigated in the current work,
which will help readers to find conditions similar to their applications.

4.2
4.2.1

Guidance Development
Potential Blast Wave Effect

A blast wave is generated when a large amount of energy is released rapidly into an
environment. The source of the energy release may come from chemical reaction such as TNT
explosion, or physical explosions such as steam explosion. The sudden energy release can
produce very high temperature and pressure gases, which moves outward supersonically and
creates a blast wave (or shock wave) in the surrounding medium. A blast wave in air is termed
“airblast” and it attenuates with distance from the source (Cullis, 2001; Weggel, 2010).
In the event of jet impingement in high-energy piping systems, the Advisory Committee on
Reactor Safeguards (ACRS) suggested that there is a potential possibility for blast wave to
occur (Standard Review Plan, 2015). As such, the surrounding Structures, Systems, and
Components (SSCs) could be damaged. In the event of a high-pressure pipe rupture, the first
significant fluid load on surrounding SSCs might be induced by a blast wave. In the current
report, the manuscript of the ACRS subcommittee on thermal-hydraulics meeting in 2004 is first
reviewed. The transient pressure profiles obtained in the Marviken tests (Marklund, 1985a) are
studied for potential blast wave effect. Finally, the preliminary modeling guidance for the blast
wave effect is developed.
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Table 4-3 Summary of Evaluated Conditions
Stagnation Quality or
Figure
Regime
Pressure Subcooling

Break
Diameter

Plotted Value

Position

Jet
Centerline
Jet
Pressure
Centerline
Pressure z/D = 3.6
Pressure z/D = 1.8
Pressure z/D = 4.1
Pressure z/D = 2.2
z/D = 0.59,
0.96, 1.5,
Pressure
2.3, 3.3, 4.5,
6.6
z/D = 0.6,
Pressure 3.3, 4.3, 13,
37.5
z/D = 0.5,
3.3, 6.3, 13,
Pressure
30, 52.5,
62.5
Jet
Pressure
Centerline
Jet
Pressure
Centerline
Pressure z/D = 1.9
Pressure z/D = 1.0
Pressure z/D = 4.1
Pressure z/D = 2.1

Figure 3-33

Steam

4.4 MPa

x = 0.97

0.28 m

Stagnation Pressure

Figure 3-33

Steam

1.3 MPa

x = 0.7

0.5 m

Stagnation

Figure
Figure
Figure
Figure

3-34
3-34
3-35
3-35

Steam
Steam
Steam
Steam

1.9 MPa
2.4 MPa
1.7 Mpa
4.5 Mpa

x = 0.97
x = 0.79
x = 0.7
x = 1.0

0.28 m
0.28 m
0.5 m
0.3 m

Stagnation
Stagnation
Stagnation
Stagnation

Figure 3-36

Steam

4.0 Mpa

x = 1.0

0.0094 m Stagnation

Figure 3-37

Steam

4.0 Mpa

x = 1.0

0.005 m Stagnation

Figure 3-38

Steam

4.0 Mpa

x = 1.0

0.005 m Stagnation

Figure 3-39

Steam

4.0 Mpa

x = 1.0

0.005 m Stagnation

Figure 3-40 Saturated

3.0 MPa

x = 0.0045

0.5 m

Stagnation

Figure
Figure
Figure
Figure

3.9 MPa
3.0 MPa
3.0 MPa
3.0 MPa

x = 0.0017
x = 0.0045
x = 0.005
x = 0.005

0.28 m
0.28 m
0.5 m
0.5 m

Stagnation
Stagnation
Stagnation
Stagnation

2.2 MPa

x = 0.24

0.5 m

Stagnation Pressure z/D = 3.0

2.5 MPa

x = 0.011

0.5 m

Stagnation Pressure z/D = 1.27

4.0 MPa

x = 0.02,
0.018, 0.15

3-41
3-41
3-42
3-42

Saturated
Saturated
Saturated
Saturated
TwoFigure 3-42
phase
TwoFigure 3-43
phase
TwoFigure 4-4
phase
Figure 4-5 Saturated

6.8 MPa
5.6 MPa

Figure 4-6 Saturated

0.005 m Stagnation Pressure

x=0

0.15 m

10 MPa

x=0

0.065 m Stagnation Pressure

Figure 3-47 Subcooled

4.6 MPa

ΔT = 45.4
°C

0.5 m

Figure 3-47 Subcooled

4.0 MPa

ΔT = 16 °C

0.5 m

Figure 3-48 Subcooled

4.3 MPa

Figure 3-48 Subcooled

4.3 MPa

Figure 3-49 Subcooled

4.3 MPa

ΔT = 19.2
°C
ΔT = 24.2
°C
ΔT = 23.6
°C
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Jet
Centerline

Stagnation Pressure z/D = 2, 5
z/D = 0.5, 1,
2, 3
Jet
Stagnation Pressure
Centerline
Jet
Stagnation Pressure
Centerline

0.5 m

Stagnation Pressure z/D = 4.1

0.5 m

Stagnation Pressure z/D = 3.0

0.5 m

Stagnation Pressure z/D = 2.1

Table 4-3 Summary of Evaluated Conditions (cont.)
Stagnation Quality or
Break
Figure
Regime
Plotted Value
Position
Pressure Subcooling Diameter
ΔT = 22.9
Figure 3-49 Subcooled 4.3 MPa
0.5 m Stagnation Pressure z/D = 1.27
°C
Jet
Figure 4-7 Subcooled 4.0 MPa
ΔT = 33 °C 0.005 m Stagnation Pressure
Centerline
Jet
Figure 4-7 Subcooled 4.0 MPa
ΔT = 17 °C 0.005 m Stagnation Pressure
Centerline
Jet
Figure 4-8 Subcooled 4.0 MPa
ΔT = 80 °C 0.005 m Stagnation Pressure
Centerline
Jet
Figure 4-8 Subcooled 4.0 MPa
ΔT = 39 °C 0.005 m Stagnation Pressure
Centerline
Jet
Figure 4-8 Subcooled 4.0 MPa ΔT = 8.6 °C 0.005 m Stagnation Pressure
Centerline
Figure 3-56

All

Figure 3-58 Subcooled

2.05 Mpa
3.2 ~ 4.6
MPa

Figure 3-59 Subcooled 0.8, 1.5, 1.8
Figure 3-60 Subcooled
Figure 3-61

Saturated/
Twophase

Figure 3-62

Steam

1.3 ~ 3.9
MPa
1.3 ~ 4.4
MPa

-

0.005 m

ΔT = 1.4 ~ 0.28 ~ 0.5
45.4 °C
m

Thrust Coefficient

-

Critical Mass Flux Break Plane

-

0.0046 m

Critical Mass Flux Break Plane

ΔT = 20, 30,
40 °C

0.0025,
0.076,
0.102 m

Critical Mass Flux Break Plane

x = 0.005 ~ 0.28 ~ 0.5
0.48
m

Critical Mass Flux Break Plane

0.28 ~ 0.5
m

Critical Mass Flux Break Plane

x > 0.7
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Figure 4-8 Stagnation Pressure at the Center of Subcooled Water Impinging Jets. Comparison
between Original Code (ANSI/ANS-58.2, 1988), Revised Code (Rev
ANSI/ANS-58.2, 1988), and Experimental Data in Kawanishi et al. (1986) of
Mitsubishi Tests. Error Bar: ±20%
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4.2.1.1 Review of ACRS Subcommittee on Thermal-hydraulics Meeting
The meeting was convened on September 22, 2004 in Rockville, Maryland to discuss the NRC
staff’s approach to resolution of several Generic Safety Issues (GSI) related to loss of coolant
accidents (U.S. Nuclear Regulatory Commission, 2004). Two reports were mainly discussed in
the meeting, including NRC staffs’ safety evaluation report related to GSI 191 (NEI 04-07,
Volume 2) and the Nuclear Energy Institute Guidance Report (NEI 04-07, Volume 1). The
participants include ACRS subcommittee members (Chairman Graham Wallis, F. Peter Ford,
Thomas Kress, Graham Leich, Victor Ransom, and John Sieber), NRC staff, researchers from
national laboratories, and engineers from industry. The agenda of the meeting was to have NRC
staff present results on various topics related to GSI 191, including overview of safety
evaluation, pipe break characterization, zone of influence, debris characterization, latent debris
accumulation, debris transport, head loss, and physical refinements.
The review of the transcript focuses on the discussion on the blast wave effect in jet
impingement of high-energy piping systems. This discussion was initiated by ACRS member
Victor Ransom. He argued that “… Another problem with the damage modeling is the test they
believe, or I heard the statement that it is the blast wave that actually caused most of the
damage. … It was mentioned in the Los Alamos report 1, but then thrown out well at expense,
weakens radially so that it was ignored.” However, no clear evidence was provided to prove the
existence of blast wave effect. He was unclear which damage mechanism was more important,
the blast wave or the following impinging jet. The ANSI/ANS-58.2 (1988) has completely ignored
the blast wave effect and Victor Ransom believed that “… Nothing was done (on blast wave
effect) is kind of appalling…”. None of the meeting participants were certain that whether blast
wave effect existed or could cause significant damage in the scenario of loss of coolant
accidents in nuclear power plants. The discussion on the blast wave effect was concluded by
the Chairman Graham Wallis: “… We’ve said the blast wave might be something that needs to
be resolved but we’re not quite sure if it’s important or not.”
In addition, the Chairman Graham Wallis suspected that “…, if the jet was turned on slowly,
there wasn’t a blast wave at all.”. No participant disagreed with this argument. NRC staff Rob
Elliott who performed the air jet tests, explained that in the tests conducted in Colorado for the
BWRs, rupture disks were used to simulate the instantaneous pipe break. So, blast wave effect
should have been considered in the experiments. In these experiments to investigate the debris
generation, the maximum or worst case was considered, although it was unknown whether the
major damage is caused by the blast wave or the jet impingement. The Chairman Graham
Wallis also pointed out that if the blast wave existed, “…, then the blast wave should have
damaged stuff that was over here and not in the direction of the jet at all.” Although this is a
good approach to verify the existence of the blast wave, no replies or comments were provided
to Wallis’s comment by the researchers who performed the tests.
Victor Ransom agreed that blast wave is a complicated phenomenon. He suggested that
transient CFD analysis might be able to understand “what does the blast wave actually look like
in this kind of situation” as well as “how it decays and how much the pressure differential across
that decays with radius”.

1

It is difficult to identify this report since no reference was provided.
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4.2.1.2 Investigation of Marviken Tests Data for Potential Blast Wave Effect
In the Marviken tests (Marklund, 1985a), rupture disks were used to simulate the pipe break,
and detailed measurements on local static and stagnation pressures were obtained for transient
test conditions. These data might provide some information to investigate the potential blast
wave effect. In the current report, the stagnation pressure measured at different horizontal
beams and targets are investigated here for free and impinging jets, respectively.
As shown in Figure 4-9, the stagnation pressures for both Tests 5 and 6 suddenly increase after
the break (t = 0 s). The initial condition for Test 5 is saturated steam at 5.1 MPa and that for Test
6 is subcooled water with a degree of subcooling of 32°C at 5.0 MPa. The plotted pressures in
Figure 4-9 are measured at an axial location of z/Deff equals to 0.44, where z is the distance
downstream of the break plane and Deff is the equivalent break size. In addition, sudden bursts
are observed in both conditions investigated. This might be caused by the blast wave.
The stagnation pressures for impinging jets are shown in Figure 4-10. Tests 7 (z/D = 4.0), 8 (z/D
= 2.1), and 10 (z/D = 1.3) used similar initial conditions with subcooled water, which has a
degree of subcooling of 32°C at 5.0 MPa. As shown in the plots, sudden bursts are also
observed for these impinging jets. However, the strength of the burst is different for targets at
different axial locations. Despite this, it is difficult to conclude whether there is a blast wave
effect.
4.2.1.3 Modeling Guidance for the Potential Blast Wave Effect
After reviewing the manuscript and the Marviken tests data, it is still not certain whether blast
wave effect exists or not. Upon reviewing the available documents (e.g., ML100570364,
NUREG CR-6808), technical basis could not be established to assess whether the blast wave
should be considered or not in certain conditions. However, some documents identified
conditions where the blast wave cannot occur. For a hypothetical loss-of-coolant accident where
the fluid upstream of the break location is subcooled (e.g., hot leg, cold leg, and surge line
breaks), a blast wave might not be generated. Even if a blast wave does form during the initial
moments of a subcooled water pipe break, the effect would be insignificant compared to the
forces exhibited by the subsequent jet blowdown (ML100570364).
For saturated water and saturated steam jets, if the break opening time is sufficiently long, a
blast wave might not be produced. For example, under a “leak-before-break” assumption, the
blast wave effect would be reduced, and it might not need to be considered (NUREG CR-6808).
When the blast wave is generated, it will travel radially until it is reflected from structures such
as the containment wall. The spherical shock has a significant initial static overpressure (Ps ) that
will decrease as the shock expands. The static overpressure is defined as the difference
between upstream and downstream static pressures of the shock. Based on the literature
review in Section 2.1.3.3, this overpressure can be estimated using the Hopkinson-Cranz
scaling law (Equation (2-13)) with additional correlations such as Brode (1955), Henrych (1994),
or Weggel (2010) approach as shown in Figure 2-5.
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(a)

(b)

Figure 4-9 Stagnation Pressure near the Center of the Jet Measured at Different Axial
Locations for (a) Test 5 Free Steam Jet (z/Deff = 0.44) and (b) Test 6 (z/Deff = 0.44) of
Marviken Tests (Marklund, 1985a). Initial Vessel Stagnation Pressure: 5.0 MPa

4-17

(a)

(b)

Figure 4-10 Stagnation Pressure at the Center of the Jet Measured at Different Axial Locations
for (a) Test 7 (z/Deff = 4.0), (b) Test 8 (z/Deff = 2.1) and (c) Test 10 (z/Deff = 1.3) of
Marviken Tests (Marklund, 1985a). Initial Vessel Stagnation Pressure: 5.0 MPa
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(c)

Figure 4-10 Stagnation Pressure at the Center of the Jet Measured at Different Axial Locations
for (a) Test 7 (z/Deff = 4.0), (b) Test 8 (z/Deff = 2.1) and (c) Test 10 (z/Deff = 1.3) of
Marviken Tests (Marklund, 1985a). Initial Vessel Stagnation Pressure: 5.0 MPa
(cont.)
In general, it is reasonable to assume the blast wave to be spherical, which can simplify the
analysis of the wave transport and wave effects. However, in nuclear power plants, the
expansion of the potential blast waves may occur in an enclosed space. They can be reflected
or deflected from walls and neighboring structures. The reflections of the blast wave depend on
the incident angle. Normal reflections occur when the incident angle is zero. The total pressure
experienced by the object is the peak reflected pressure Pr, which is a combination of static (Ps )
and dynamic (Qs ) pressure. For normal reflections, Pr is given by Equation (2-19) and Equation
(2-20) is obtained for air. These relations are derived from the Rankine-Hugoniot relation (Smith
and Hetherington, 1994).
However, to use these relations to obtain the total pressure experienced by the object, the
equivalent weight of TNT needs to be calculated to get Ps for jet impingement. In the current
work, two approaches are developed to obtain the equivalent weight of TNT for jet impingement.
4.2.1.3.1 Vessel Burst Energy (Lees, 2012)
In TNT explosion, the released energy is from chemical reaction, whereas in jet impingement,
the energy is from fluid expansion. In Lees (2012), several conditions are discussed for
explosion energy. One of the conditions is to calculate the “vessel burst energy” for non-ideal
gas, vapor, and flashing liquid. The proposed approach in Lees (2012) is employed as the first
method in the current work to determine the equivalent weight of TNT. Based on Lees (2012),
the explosion energy in this case is the difference in the internal energy between the initial and
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final states of explosion assuming an isentropic expansion, which can be found using
thermodynamic diagrams or tables.
Following this approach, the potential blast wave effects for subcooled water, saturated water,
and saturated steam jets are investigated. The initial pressure for subcooled water jets is 15.5
MPa (2250 psi) based on PWR operating condition, while that for saturated water and saturated
steam jets is 6.9 MPa (1000 psi) based on BWR operating condition. Two values are used for
the degree of subcooling for subcooled water jets: 20°C (hot leg) and 65°C (cold leg). To
estimate the released energy, the first step is to calculate the mass of fluid (m) released at the
initial stage of break to generate the blast wave. In the current work, it is calculated by
(4-8)

m = Gcr ⋅ Ae ⋅ t

where Gcr is the critical mass flux, A is the break area, and t is the energy release time when blast
wave is generated during the initial stage of break. Based on the previous model evaluation for
critical mass flux, the Henry-Fauske (HF) model, Homogeneous Equilibrium Model (HEM), and
isentropic expansion model can be used for subcooled water jets, saturated water jets, and
saturated steam jets, respectively. By defining the first state to be 1 and the final state to be 2,
the released energy E is:

=
E m ( e1 − e2 )

(4-9)

where e is the specific internal energy. In the process of calculating e2, isentropic expansion is
assumed. The steam quality x at the final state is calculated by:

s1 = s2 = s f 2 + x ⋅ s fg 2

(4-10)

The thermodynamic parameters calculated for saturated steam, saturated water, and subcooled
water at initial and final states are shown in Table 4-4. With x, the specific enthalpy and internal
energy for the final state are calculated by:

h2= h f 2 + x ⋅ h fg 2

(4-11)

e2 = e f 2 + x ⋅ e fg 2

(4-12)

In Table 4-4, the pressure of the fluids at final state is assumed to be atmospheric pressure. In
reality, the fluids right after the break is still at the high-temperature high-pressure condition, so
this assumption is conservative. With Table 4-4, the energy released from saturated steam,
saturated water, and subcooled water jets can be estimated, with additional assumptions for
break area (A) and energy release time (t). In the work by Cullis (2001), the energy release time
for 1kg TNT is in order of approximately 10 μs. The current work investigates the sensitivity of
this time scale on the potential blast wave effect. Three different time scales are selected: 0.01
ms, 0.1 ms, and 1 ms. It also needs to be noted that not all of the energy released from fluid
expansion is converted to the blast wave. Instead, part of the released energy contributes to
kinetic energy of fluids and fragments, residual energy in air, etc. Hence, the current work
investigates two cases: 50% conversion and 100% conversion. Considering that the released
energy is similar based on specific enthalpy and specific internal energy difference, only internal
energy difference is employed as suggested by Lees (2012). The sensitivity study for saturated
steam, saturated water, and subcooled water (with two different ΔT) jets are shown in Table 4-5
through Table 4-8, respectively.
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Table 4-4 Thermodynamic Parameters of Jets or Fluids at Initial and Final States
Saturated
Saturated
Parameters
Subcooled water
steam
water
Initial pressure P1 [psi] /
1000 / 6.9
1000 / 6.9
2250 / 15.5
2250 / 15.5
[MPa]
Degree of subcooling ΔT [°C]
0
0
20
65
Initial specific entropy s 1
5.82
3.1
3.47
3.03
[kJ/kg·K]
Initial specific enthalpy h1
2774.0
1262.3
1482.0
1229.6
[kJ/kg]
Initial specific internal energy
2582.2
1253.0
1459.0
1209.3
e1 [kJ/kg]
Quality at final state x [-]
0.75
0.30
0.36
0.29
Final pressure P2 [psi] / [MPa]
Final specific enthalpy h2
[kJ/kg]
Final specific internal energy
e2 [kJ/kg]
Difference of specific
enthalpy h1-h2 [kJ/kg]
Difference of specific internal
energy e1-e2 [kJ/kg]

14.7 / 0.1

14.7 / 0.1

14.7 / 0.1

14.7 / 0.1

2101.9

1091.8

1224.9

1060.9

1975.1

1041.1

1164.1

1012.4

672.2

170.5

257.1

168.7

606.9

211.9

294.9

196.9

Table 4-5 Released Energy for Saturated
Parameters
Case 1
Critical mass flux [kg/m 2s]
Break size [m]
Break area [m 2]
Release time [ms]
0.01
Fluid mass [kg]
0.07
e1-e2 [kJ/kg]
Percentage of energy to
blast wave [-]
Released energy based
20.5
on e1-e2 [kJ]
TNT equivalent weight We
4.94
[×10-3 kg]
R (Pr ~ 10 bar) [m]
0.3

Steam Jets
Case 2 Case 3 Case 4
8,544
1
0.79
0.1
1
0.01
0.67
6.75
0.07
607.0
50%

Case 5

Case 6

0.1
0.67

1
6.75

100%

204.9

2,048.6

41.0

409.7

4,097.2

49.39

493.88

9.88

98.78

987.76

0.6

1.3

0.4

0.8

1.7
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Table 4-6 Released Energy for Saturated Water Jets
Parameters
Case 7 Case 8
Case 9 Case 10
2
Critical mass flux [kg/m s]
25,701
Break size [m]
1
Break area [m2]
0.79
Release time [ms]
0.01
0.1
1
0.01
Fluid mass [kg]
0.2
2.0
20.3
0.2
e1-e2 [kJ/kg]
212.0
Percentage of energy to
50%
blast wave [-]
Released energy based on
21.5
215.2
2152.2
43.0
e1-e2 [kJ]
TNT equivalent weight We
5.2
51.9
518.8
10.4
[×10-3 kg]
R (Pr ~ 10 bar) [m]
0.3
0.6
1.4
0.4

Case 11

Case 12

0.1
2.0

1
20.3

100%
430.4

4,304.4

103.8

1,037.7

0.8

1.7

Table 4-7 Released Energy for Subcooled Water Jets (ΔT = 20°C)
Parameters
Case 13 Case 14 Case 15 Case 16 Case 17
2
Critical mass flux [kg/m s]
79,379
Break size [m]
1
Break area [m2]
0.79
Release time [ms]
0.01
0.1
1
0.01
0.1
Fluid mass [kg]
0.63
6.27
62.71
0.63
6.27
e1-e2 [kJ/kg]
294.0
Percentage of energy to
50%
100%
blast wave [-]
Released energy based on
92.2
921.8
9,218.2
184.4
1,843.6
e1-e2 [kJ]
TNT equivalent weight We
22.22
222.23
2,222.3
44.5
444.5
[×10-3 kg]
R (Pr ~ 10 bar) [m]
0.5
1.0
2.2
0.6
1.3
Table 4-8 Released Energy for Subcooled Water Jets (ΔT = 65°C)
Parameters
Case 19 Case 20 Case 21 Case 22
Critical mass flux [kg/m 2s]
155,837
Break size [m]
1
2
Break area [m ]
0.79
Release time [ms]
0.01
0.1
1
0.01
Fluid mass [kg]
1.2
12.3
123.1
1.2
e1-e2 [kJ/kg]
197.0
Percentage of energy to
50%
blast wave [-]
Released energy based on
121.3
1,212.6 12,126.5
242.5
e1-e2 [kJ]
TNT equivalent weight We
29.2
292.4
2,923.5
58.5
[×10-3 kg]
R (Pr ~ 10 bar) [m]
0.5
1.1
2.4
0.7
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Case 18

1
62.71

18,436.5
4,444.7
2.8

Case 23

Case 24

0.1
12.3

1
123.1

100%
2,425.3

24,253.0

584.7

5,846.9

1.4

3.1

In total, 24 cases are investigated, 6 for saturated steam jets, 6 for saturated water jets, and 12
for subcooled water jets. The calculated static overpressures and reflected pressures for Cases
6, 12, 18, and 24 with respect to the distance from the break are shown in Figure 4-11. The
correlation from Weggel (2010) is employed in the Ps calculation. The distance where the
pressure drops to 100 bar or 10 bar is shown in the figures. In addition, as shown in Figure 2-5,
all the approaches suggest that the over static pressure increases significantly as the distance
reduces to 0. However, this might not be applicable for jet impingement. Since the maximum
overpressure cannot be higher than the stagnation pressure in the pipe, lines of 15.5 MPa (155
bar) or 6.9 MPa (69 bar) are used for upper limits of Ps and Pr. To compare with the TNT
explosion, the pressure in the explosive products is over 45 kbar at 10 μs (right after blast wave
is generated) for 1 kg TNT explosion as simulated by Cullis (2001).
It needs to be noted that the pressure profiles in Figure 4-11 are developed based on several
assumptions that can be considered quite conservative:
(1) The jets or fluids immediately after the blast wave generation are at atmospheric
pressure condition;
(2) A break size of 1 m;
(3) An energy release time of 1 ms;
(4) 100% of the released energy is converted to blast wave energy.
Additional investigation might be needed to eliminate unrealistically conservative assumptions.
4.2.1.3.2 Peak Pressure in Experimental Measurements
The second approach assumes that the peak pressure measured in the initial stage of
blowdown tests is due to the potential blast wave. This measured peak pressure can be used to
solve for the equivalent TNT weight in quantifying the blast wave effect. Since energy needs to
be released in a very short time to generate the blast wave, the sampling frequency of pressure
measurements needs to be very high (> 100 Hz). In the work by Isozaki and Miyazono (1986),
pressure on target was measured for subcooled water jets (P0 = 15.56 MPa, ΔT = 20°C) and
saturated-water jets (P0 = 6.86 MPa) at a relatively high frequency (~ 100 Hz). The peak
pressure at the targets (at a distance of approximately one break size) reported for both
subcooled water jets and saturated water jets are about 40% of the initial stagnation pressures
in vessel. Using this information, the current work quantifies the blast wave effect for subcooled
water and saturated water jets with a break size of 1 m.
To calculate the equivalent weight of TNT, it needs to determine whether the maximum
pressure measured in experiments is static overpressure or reflected pressure. By assuming it
to be the static pressure, the calculated TNT weight will be more conservative. Based on this
assumption, the equivalent weight of TNT is calculated to be 15.6 kg and 4.6 kg, respectively,
for subcooled water jet and saturated water jet. The profiles for static overpressure and reflected
pressure are shown in Figure 4-12.
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Figure 4-11 Calculated Static Overpressure (Ps ) and Reflected Pressure (Pr) for (a) Saturated
Steam Jet Case 6, (b) Saturated Water Jet Case 12, (c) Subcooled Water Jet Case
18, and (d) Subcooled Water Jet Case 24
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Figure 4-12 Calculated Static Overpressure (Ps ) and Reflected Pressure (Pr) for (a) Subcooled
Water Jet and (b) Saturated Water Jet

Figure 4-13 Calculated Static Overpressure (Ps ) and Reflected Pressure (Pr) for Saturated
Steam Jet
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For saturated steam jets, there are no experimental data available that can help to determine
the potential blast wave effect. Experiments on saturated steam jets were usually performed at
a steady-state condition and as such the pressure measurement as a function of time was not
presented. For experiments where transient data were presented such as Marviken tests, the
measurement frequency might be too low to capture the blast waves (~ 10 Hz). In the current
work, an additional assumption is made to quantify the potential blast wave in saturated steam
jets. In the Standard model (ANSI/ANS-58.2, 1988), the region 1 of jet is defined as the jet core
and the pressure within this region is the same as the initial vessel stagnation pressure prior to
break. For saturated steam and saturated water jets, the length of jet core is 0.5 D based on the
model in the Standard. As such, in the current work, it assumes that the blast wave has a static
overpressure of initial vessel stagnation pressure at an axial location of half break size. For a jet
with the break size of 1 m at a BWR operating condition (P0 = 6.9 MPa), the equivalent weight of
TNT is calculated to be 15.6 kg. The profiles of static overpressure and reflected pressure are
shown in Figure 4-13.
By comparing the approaches 1 and 2, it can be seen that the both approaches predict the
distance, where Pr drop to 10 bars, to be the same order of magnitude. The reflected pressure
for normal reflections generally drops to 10 bar within 4 m for all the conditions investigated.
Once the reflected pressure is known, a critical value for reflected pressure (Pr,critcal) can be
defined to calculate a critical radial distance (Rcritcal), within which the blast wave will cause
damage. In selecting this critical reflected pressure, the damage pressures of the surrounding
SSCs need to be considered. A flowchart showing the logic of the current preliminary modeling
guidance on blast wave effect is shown in Figure 4-14.
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Jets in high-energy systems
Stagnation pressure (P0 ) and
corresponding subcooling (∆T0 )
Subcooled water jets
∆T0 > 0?

Yes

No
Saturated water and saturated steam jets
Break opening time t
t sufficiently large?
or
leak-before-break?

Yes

No
Sudden break
Radial distance r
In the vicinity of the
break: r < rcrit ?

No

Yes

Equivalent weight of TNT W

Reflected pressure
distribution Pr (r)

Insignificant blast
wave effect*

Figure 4-14 A Flowchart of Preliminary Modeling Guidance on Blast Wave Effect Developed in
the Current Work
*: Upon reviewing the available documents (e.g., ML100570364, NUREG CR-6808), technical
basis could be established to assess whether the blast wave is significant or not in certain
conditions.
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4.2.2

Jet Plume Expansion and Zone of Influence

It is pointed out in the Standard Review Plan (2015) that the Standard model assumes that a jet
issuing from a high-pressure pipe break will always spread with a fixed 45-degree angle up to
an asymptotic plane and subsequently spread at a constant 10-degree angle. The
characteristics of the jet, however, are not universal. Initial jet spreading rates are highly
dependent on the ratio of the source flow to the ambient conditions. Subsequent spreading
rates depend, at a given axial position, on the ratio of the static pressure in the outermost jet
flow region to the ambient static pressure.
After a literature review in Section 2.2.2.2.2, it is found that there are several studies to
investigate the spreading angle of the jets for different regimes. In these studies, the spreading
angle depends on the jet condition and dynamic models are developed for this angle.
For saturated steam jets, jet expansion is investigated by a recent CRIEPI-Hitachi Test (Morita
et al., 2016) using experiments and Computational Fluid Dynamics (CFD). The investigated
conditions cover a wide range of pressure values from 0.23 MPa to 13 MPa. In the experimental
setup, saturated steam of up to 1.6 MPa and 833 kg/h is supplied continuously from highpressure steam boiler to the reservoir tank with a diameter of 100 mm. The jet nozzle has a
diameter of 8 mm and is 200 mm long. The jet velocity was obtained using Particle Image
Velocimetry (PIV). In total, four conditions were performed for experiments and nine conditions
were performed for CFD simulation. In Morita et al. (2016), the asymptotic plane is defined as
the maximum expanded jet position as shown in Figure 2-35. It is found that the spreading
angle is dependent on the pressure ratio (inlet pressure/exit pressure), which is given in Figure
2-15. As shown in the plot, the pressure ratio has a good correlation with the spreading angle
from near atmospheric pressure condition to main steam pressure in nuclear power plants.
Since the high-pressure steam expands more than the low-pressure steam, this tendency is
thought to be reasonable. On the other hand, it is found that when the inlet pressure is about 7
MPa, this angle is 45 degree, which is the value used in the Standard.
To evaluate this result, the spreading angle in Figure 2-15 is compared with the Prandtl-Meyer
angle for under-expanded supersonic jets given in Ransom (2004). The comparison is shown in
Figure 4-15. As discussed, this angle is calculated by finding the location (za) of the asymptotic
jet area (Aa) in Morita et al. (2016), while for the Prandtl-Meyer angle (Ransom, 2004), this angle
is that between the tangential line and the axis. Considering this difference in definition, the
comparison on the spreading angle in Figure 4-15 is acceptable. Meanwhile, it is found that the
spreading angle defined in Morita et al. (2016), which is close to the definition in ANSI/ANS-58.2
(1988), is between 40° and 50° in a wide range of vessel stagnation pressure conditions.
The spreading angle after the asymptotic plane is investigated by Takahashi et al. (2016) using
CFD simulations (saturated steam, pressure range: 1 MPa ~ 7 MPa). Based on the velocity
vectors obtained from CFD analysis, the spreading angle can be obtained using different
criteria. In this work, the position where jet velocity almost becomes zero is defined as the jet
boundary and four different velocities are used as this critical jet velocity (allowable velocity). As
a result, the jet angle is determined as shown in Figure 4-16. This angle is found to be between
4° and 8° based on different criteria, which is similar to the 10° that has been used in the
Standard model.
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Figure 4-15 Comparison on Prandtl-Meyer Angle between Ransom (2004) and Morita et al.
(2016)

Figure 4-16 Jet Spreading Angle as a Function of Allowable Velocity (Takahashi et al., 2016)
The jet expansion for flashing jets is investigated in Morita et al. (2018) using CFD. The test
conditions investigated cover a wide range of pressure conditions from 0.5 MPa to 7.0 MPa for
both saturated water and subcooled water. The definition of the spreading angle is same to the
steam jets as shown in Figure 2-35. It is found that the spreading angle depends on the density
ratio of nozzle exit density (ρe) to the ambient steam density (ρamb):

z=
0.3 ×
a

ρe
ρ amb

(4-13)
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H a = 0.008 ×

ρe
+1
ρ amb

(4-14)

where za and Ha is the length and width of the asymptotic region as shown in Figure 2-35. As
such, the spreading angle can be calculated as:

H −D
θ a = arctan  a

 za 

(4-15)

where D is the break size.
In the work by Morita et al. (2018), it is found that increasing inlet pressure increases the fluid
pressure and density at the nozzle exit plane, leading to a larger expansion of the flow.
Meanwhile, as the degree of subcooling increases, the density also becomes larger due to the
delay of the flashing occurrence in the nozzle. Considering that the spreading angle for flashing
jets is much larger than the steam jets, it is recommended by Morita et al. (2018) that the
affected region should be a round column with diameter Ha and length za.
4.2.3

Distribution of Pressure within the Jet Plume

The Appendix C and Appendix D of the ANSI/ANS-58.2 (1988) describe the assumptions for
defining the pressure distribution for various jet conditions. For nonexpanding jets, it assumes a
uniform pressure distribution over the cross section. For an expanding jet, the Standard
assumes non uniform pressure over the cross section of the jet, with a maximum value at the jet
centerline. However, this assumption is only valid near the break plane. At the distances far
from the break plane, the pressure distribution is quite different and outer edge peaking of the
pressure can occur. As such, the Standard Review Plan (2015) argues that this could lead to
nonconservative pressures away from the jet centerline.
After a literature review, it is found that the edge-peaking profiles are observed for steam jets as
shown in Figure 2-17 and Figure 2-18 for free jets and impinging jets, respectively. In these
plots, D is the break size and the dimensionless stagnation pressure (P* ) is defined as:

P* ( z , t ) =

P ( z , t ) − pamb ( t )
P0 ( t ) − pamb ( t )

(4-16)

where P* is the dimensionless stagnation pressure, P, P0, and pamb are the stagnation pressure,
vessel stagnation pressure, and ambient atmospheric pressure, respectively.
As shown in the Figure 2-17 and Figure 2-18, the edge-peaking distribution starts to show at
3.3 D for free jets and at 6.3 D for impinging jets. However, the peaking dimensionless values
are generally less than 0.07. Therefore, it is believed this may not have a significant effect.
In addition, the Standard Review Plan (2015) claims that “Supersonic jet behavior can persist
over distances from the break that are far longer than those estimated by the standard,
extending the zone of influence of the jet and the number of SSCs that could be impacted by a
supersonic jet. For example, tests in the Seimens-KWU facility in Karlstein, Germany showed
that significant damage from steam jets can occur as far as 25 pipe diameters from a rupture.”
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This is based on statement in Sandervaag et al. (1996), where it is written that “The target
materials that are hit by the steam jet core could be destroyed in a range of 25 L/D.” Although
the target materials could be destroyed, it is different from “significant damage could occur”. In
fact, the experimental data for saturated steam jets in large breask jets (i.e., Marviken tests)
indicate that the dimensionless pressure drops to almost zero at 4D and the small break jets
data indicate that this dimensionless pressure drops to 0.07 at a distance of 4D.
4.2.4

Jet Dynamic Loading

Free jets, especially supersonic jets, are unsteady. Pressures and densities vary
nonmonotonically with distance along the axis of a typical supersonic jet. In addition, for a
typical supersonic jet, interaction with obstructions will lead to backward-propagating transient
shock and expansion waves that will cause further unsteadiness in downstream shear layers.
Once the dynamic jet loading on the target synchronize with the dynamic response of the
neighboring structure, resonance can occur and cause further amplification of the loading. This
jet dynamic loading effect has not been considered in the existing jet impingement models.
An Areva report ANP-10318NP (Areva NP Inc., 2013) discusses this dynamic loading effect on
surrounding SSCs and provided a modeling approach for jet dynamic loading in nuclear power
plants as reviewed in Section 2.1.3.2. The approach is to first calculate the resonance frequency
of the jet and then compare with that of surrounding structures to determine the dynamic loading
factor. However, there are limited experimental data to determine the frequency for jets in
nuclear power plants. The existing studies in literature are for air jets in Aerospace Engineering.
Alam et al. (2010) measured the pressure at the center of the target for dry air supersonic jets
with two nozzle pressure ratios (P0/pamb), 3.0 and 4.5, where the axial location of the target is
2.5 D (nozzle diameter). The time histories of the pressure on target is shown in Figure 4-17.
From the plots, it can be seen that the jets are not harmonic. Meanwhile the frequency of jets is
high (~10 kHz).
In addition, Alam et al. (2010) investigated the effects of moisture (supersaturation S, or liquid
droplet content) in air impinging jets on surface pressure at targets. It is found that with
increasing the moisture, the amplitudes of the surface pressure oscillation (i.e., difference
between the maximum and minimum pressure during one cycle of flow field oscillation) keep
decreasing as shown in Figure 4-18. Meanwhile, the jet frequency does change significantly.
Based on these results in Alam et al. (2010), Kauffman et al. (2019) evaluates the potential for
jet dynamic loading in nuclear power plants and provides justification for why dynamic
amplification and resonance of impinging downstream structures and components would not
occur. As shown by the data in Alam et al. (2010), the measured pressure at targets for the
supersonic air jets has a high frequency. The saturated steam jets in nuclear power plants are
also supersonic and they might be in the high frequency range. This frequency range is more
than 100 times the first mode of any structures or components in nuclear power plants. As such,
the jets cannot excite a plant target structure or component. The first mode of large SSCs in
nuclear power plants is generally less than 20 Hz, with most others less than 75 Hz, although
very rigid piping may be up as high as 150 Hz (Kauffman et al., 2019). For target frequency,
Yano et al. (1984) approximated the lowest natural frequency of the target to be ~50 Hz, and
that of the pipe to be ~100 Hz, respectively ,which is in the same order of magnitude with
Kauffman et al. (2019)’s approximation. The frequency of jets is high (above 10 kHz) and
unlikely to be harmonic, making it incapable of exciting an SSC. Even assume it to be harmonic,
the dynamic amplification factor (or dynamic loading factor) would be negligible:
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Dynamic Loading Factor =

1
 ω   2ζω 
1 − 2  + 

 ωn   ωn 
2

(4-17)

2

where ω is the jet forcing frequency, ωn is the natural frequency of the impacted target, and ζ is
the damping coefficient. If ω/ωn >> 1, the dynamic loading factor becomes very small, yielding
very little displacement response.
It needs to be noted that this conclusion is consistent with the current literature review. As
shown in Figure 2-3. When the ratio Ω/ω (frequency of load to the frequency of the structure) is
extremely large, regardless of the damping condition, the maximum dynamic loading factor is
approaching to zero.

(a)

(b)

Figure 4-17 Time History of Pressure at the Center of Target for Dry Air Jets: (a) P0/pamb = 3.0
and (b) P0/pamb = 4.5 (Alam et al., 2010). Nozzle Size: 12.7 mm
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(a)

(b)

(d)

(c)

Figure 4-18 Time History of Pressure at the Center of Target for Dry Air Jets: (a) S0 = 0 (Dry
Air), (b) S0 = 0.4, (c) S0 = 0.6, and (d) S0 = 0.8 (Alam et al., 2010). Nozzle Size:
12.7 mm
In addition, as demonstrated by Alam et al. (2010), the effect of moisture in air jets differs from
the expansion of a dry air expansion due to “non-equilibrium condensation” or “spontaneous
condensation”. The pressure oscillations (not resonance) measured on targets is considerably
reduced in amplitude as supersaturation level in the jet increases as shown in Figure 4-18.
Kauffman et al. (2019) argued that in jet impingement in nuclear power plants, the fluid prior to
pipe break is either subcooled water or saturated water in nuclear power plants. The release of
high-energy fluid into near-atmospheric condition will result in phase changes that redistribute
energy. In the evaluation of the potential blast wave effect in Section 3.1.3, the quality of
different jets is calculated at atmospheric condition by assuming isentropic expansion. For PWR
(subcooled water @ 15.5 MPa, ΔT = 20°C), the quality is 0.29, while for BWR (saturated water
@ 6.9 MPa), the quality is 0.30 and for saturated steam (@ 6.9 MPa) the quality is 0.75. As
such, the jet in nuclear power plants will not be dry gas expansion. The liquid droplets in the jet
will mitigate the resonance effect as demonstrated in previous work.
Apart from these two arguments, Kauffman et al. (2019) provides additional justifications. They
are briefly summarized here.
(1) Exit geometry. A pipe break or crack in nuclear power plants is not smoothly tapered, cleanedged nozzle to produce a stable axisymmetric discharge. The irregularity of the broken
pipe end prevents formation of an axisymmetric or stable flow field. It interferes with both the
downstream progression of pressure fluctuations and the return of any periodic acoustic
wave. Pictures in Figure 4-19 are shown that the jet will be disturbed for the break with tabs.
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Figure 4-19 Schlieren Photographs of Jet without (Left) and with (Right) Tabs (Zaman, 1999)
(2) Alignment to Target: Observed instances where gas jet induced resonance occurs are
engineered to provide a specific alignment. If the distance between the nozzle edge and
impingement surface varies around the nozzle circumference, the returning acoustic waves
reach the shear layer at different times. This causes excitation that is out of phase, which
prevents synchronization.
(3) Discharge stability: Experiments and industrial gas jet applications are designed to prevent
flutter of the discharge to ensure repeatability. However, the pipe break in nuclear power
plants is subject to pipe whip and is unlikely to be sufficiently constrained to maintain
spacing and orientation to a target.
(4) Jet interaction with target: For the target to be capable of establishing a feedback loop, it
also must present a surface that has the following characteristics:
a) Large enough in area that most of the expanded jet is impinged;
b) Flat (e.g., not curved, not irregular) over the area of the jet to prevent distortion of
returning acoustic waves;
c) Hard enough not to absorb much energy;
d) The surface, although larger than the area of the jet, must also be located such that it
fully intersects the jet.
However, the arrangements of equipment inside a nuclear plant do not provide the clear line
of sight pathways to large, flat, hard, smooth, perpendicular surfaces needed to form a
resonance.
(5) Intersecting flow: A HELB (High Energy Line Break) deposits a large amount of high energy
fluid into a relatively confined space with numerous surrounding structures. Secondary and
tertiary spray reflections intersect with the shear layer of the jet, disturbing the acoustic
waves. Additionally, fluid issuing from the other end of the broken pipe is likely to intersect
the jet, even after pipe whip.
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5 SUMMARY AND CONCLUSIONS
The jet impingement due to postulated pipe rupture is important in the design and safety
analysis of nuclear power plants. While models of jet impingement have been developed to
assist in designing protective systems to mitigate the damage, several potential nonconservatisms in these models have been specified following the interaction with the Advisory
Committee on Reactor Safeguards (ACRS) (Appendix A of Standard Review Plan, 2015). The
current work performs a comprehensive literature review and model evaluation to address the
potential non-conservatisms with respect to (a) blast waves, (b) jet plume expansion and zone
of influence, (c) distribution of pressure within the jet plume, and (d) jet dynamic loading. Based
on the results of the literature review and model evaluation, the Standard model is revised and
model guidance is developed in the current work.
Jet impingement phenomena, experimental studies, as well as modeling and CFD simulations
of jet impingement are reviewed, which provide necessary information for model evaluation,
model revision, and guidance development. Important phenomena are identified including pipe
whip, jet expansion, jet impingement, and critical flow. Important parameters include thrust
force, jet geometry, pressure distribution, jet impingement force, dynamic load factor, and critical
flow rate. While most of these parameters have been modeled in ANSI/ANS-58.2 (1988), the
effects of potential dynamic loading and blast wave on jet impingement are not considered. A
dynamic loading factor can be employed to account for the effect of resonance on structure
loading. However, the approach to determine the jet resonant frequency was developed for air
jets in aerospace engineering and may not be applicable to jet impingement in nuclear power
plants. In addition, there have been limited studies to investigate the effect of the potential blast
wave on structure loading for jet impingement in high-energy systems as in nuclear power
plants. The modeling approach for blast waves in explosions might be able to be extended to
the jet impingement. In this case, the TNT (explosive trinitrotoluene) equivalent weight needs to
be determined for jet impingement in nuclear power plants.
The comprehensive literature review on the experimental studies in jet impingement shows that
the experimental studies were performed for different scale levels. Most of the work investigated
the pressure distribution, thrust force, and impingement force. In general, the local static or
stagnation pressure was measured by pressure transducers, and thrust force or impingement
force was measured by load cells. The initial flow conditions, break conditions and target
conditions in each experimental study are carefully reviewed, considering that jet impingement
is a complicated phenomenon. Following this review, an experimental database is established
for data analysis and model evaluation. The parameters including pressure, break size, and
axial distance are non-dimensionalized such that the effects of initial fluid condition and break
size can be investigated. The dimensionless static and stagnation pressures at the center of the
free jets and the stagnation pressure at the center of the impinging jets are investigated for
different inlet flow regimes (i.e., saturated steam: x ≥ 0.7, saturated water/two-phase: 0 ≤ x <
0.7, and subcooled water). For saturated steam and saturated water/two-phase jets, it is found
that the initial stagnation pressure and break size have negligible effects on the pressure within
the jets except for very small breaks (D ~ 0.005 m) in saturated water/two-phase jets, but the
quality has significant effects. For subcooled water jets, the degree of subcooling and the break
size have significant effects on pressure distribution. Experimental data from the small and large
breaks show different nondimensional pressure profiles within the jets, which may be due to the
difference in the surface area to volume ratio. However, there is a lack of systematically scaled
experimental data for model development. The difference between free and impinging jets are
investigated by comparing the measured stagnation pressure in free and impinging jets. It is
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found that the difference is small for the saturated steam and saturated-water/two-phase jets;
however, the difference is significant for subcooled water jets, which requires additional
investigation. For the pressure at the center of the jets, it is found that a power law can be used
for the free jets, while either a power law or an exponential function can be used for the
impinging jets to predict the dimensionless pressure at the center of the target.
Using the compiled experimental databank, the Standard model (ANSI/ANS-58.2, 1988) and the
two-phase jet load model (NUREG/CR-2913) are evaluated. Important jet impingement
parameters including stagnation pressure, jet core length, thrust coefficient, and critical mass
flux are evaluated. The stagnation pressures measured in experiments are compared with those
calculated by the models for saturated steam, saturated water/two-phase, and subcooled water
jets. It is found that the stagnation pressure within the saturated steam jets can generally be
predicted well by the Standard model except for those at far distances (z > 3.3 D). However, the
dimensionless stagnation pressures at these distances are less than 0.07. For saturated
water/two-phase jets, the Standard model can predict the stagnation pressure well for the largescale tests (D > 0.28 m), but underestimates those in the medium-scale and small-scale tests (D
< 0.15 m). For subcooled water jets, the NUREG/CR-2913 can predict the data well for the
conditions investigated using Marviken test data. The Standard model generally overestimates
the data for subcooled water jets in the vicinity of the break plane, especially for conditions with
a high degree of subcooling. Significant overestimation in stagnation pressure is observed for
subcooled water jets with a high degree of subcooling (ΔT > 40 °C), which is because the
critical mass flux is overestimated using the Homogeneous Equilibrium Model (HEM). For
subcooled water jets with a low degree of subcooling (ΔT < 20 °C), HEM underestimates the
data. Unlike HEM, Henry-Fauske model always overpredicts the experimental data, but the
degree of overestimation increases as the degree of subcooling decreases. The critical mass
flux for saturated steam jets and saturated water/two-phase jets can be predicted well by the
isentropic expansion model and HEM, respectively. In addition to critical mass flux, the jet core
length and the distance between the break plane and the asymptotic plane are also
investigated, which are important parameters to define the zone of influence for jets. It is found
that the Standard model can predict the jet core length well for conditions with a low degree of
subcooling (ΔT < 30 °C), but underestimates it for conditions with a high degree of subcooling
(ΔT > 30 °C). The distance between the break plane and the asymptotic plane can be predicted
well for saturated steam jets, but is overpredicted with 100% difference for saturated-water/twophase and subcooled water jets. The prediction uncertainty is due to the one-dimensional
assumption of jets and the constant enthalpy assumption to determine the density at the
asymptotic plane. In addition, the thrust coefficients employed in the Standard model agree well
with the experimental data for different jet regimes.
Based on the results of the literature review and model evaluation, the Standard model is
revised and the model guidance is developed to address the potential non-conservatisms.
Newly developed correlations for the jet core length and the stagnation pressure are
implemented into the revised code. It is shown that the revised code can provide improved
predictions for stagnation pressure for the conditions investigated in saturated water/two-phase
jets and subcooled water jets. On the potential blast wave effect, the transcript of the Advisory
Committee on Reactor Safeguards (ACRS) subcommittee meeting is first reviewed.
However, technical basis that can provide one to assess the conditions whether the blast wave
is or is not significant could not be established. To quantify the potential blast wave effect, an
approach is developed based on the equivalent weight of TNT. To employ this approach, the
released energy in the equivalent of TNT needs to be determined from jet impingement. In the
current work, this released energy is calculated by two approaches by employing several
conservative assumptions. The static overpressure and the reflected pressure to quantify the
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potential blast wave effect are calculated. For jet geometry, dynamic models to predict the jet
spreading angle for saturated steam and flashing jets are reviewed. It is found that the jet
spreading angle for saturated steam jets in the Standard model generally agrees with the
dynamic model in literature (Morita et al., 2016) for a wide range of initial vessel stagnation
pressure conditions. Regarding the pressure distribution within jets, it is confirmed that edgepeaking pressure profiles can be observed for saturated steam jets at far distances from the
break plane (z > 3.3 D); however, the dimensionless pressures at these locations are generally
less than 0.07. Regarding the jet dynamic loading effect, justifications provided by Kauffman et
al. (2019) indicate that dynamic amplification and resonance of impinged downstream structures
and components might not occur for jet impingement in nuclear power plants.
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APPENDIX A
OVERVIEW OF JET CODE
NRC staff developed a FORTRAN 77 code to implement the jet impingement model as defined
in the appendices of the ANSI/ANS-58.2 (1988). This code is referred to as Jet11p4. Jet11p4
also includes steam tables and critical mass flux models, which are integral to the jet
calculations. Jet11p4 was used for calculations of the ANSI/ANS-58.2 (1988) jet model in
Chapter 3 of this NUREG. NRC updated Jet11p4 to include the recommendations in Table 4-1.
This updated code is referred to as Jetrev12p0, and it was used for the calculations in
Chapter 4.
Multiple activities were performed to develop confidence in Jet11p4 and Jetrev12p0. The critical
mass flux models in Jet11p4 were compared to and agreed with values computed by the
TRAC/RELAP Advanced Computation Engine (TRACE) and values reported in the literature.
The implementation of the ANSI/ANS-58.2 (1988) jet model was investigated by comparing
values calculated by Jet11p4 and Jetrev12p0 to values calculated by hand. For Jet11p4, the
ANSI/ANS-58.2 (1988) jet impingement pressures were hand calculated for Marviken Test 5
conditions (see Figure B-4, t = 10 seconds) and Marviken Test 6 conditions (see Figure B-5, t =
5 seconds). Hand calculated stagnation pressures along the periphery of the jet and at the jet
centerline in regions 1, 2, and 3 all agreed with output from Jet11p4. It is important to note that
the hand calculated values used the diameter of the asymptotic plane calculated by the code,
and this calculation was not verified other than careful visual inspection.
These calculations were repeated for Jetrev12p0. The hand calculated results agreed with the
code output. Additional hand calculations were performed to target the code changes from
Jet11p4 and Jetrev12p0. In particular, the Marviken Test 5 hand calculation was repeated
except a break diameter of 3 inches was used instead of 11.77 inches. Marviken Test 6 was
also repeated using a break diameter of 0.12 inches and ΔTsub = 60°F. The values calculated
using Jetrev12p0 agreed with the hand calculated values.
Last, Jet11p4 was compared to a previous NRC report (ML121010475) that investigated the
ANSI/ANS-58.2 (1988) jet impingement model. The calculations in ML121010475 were
performed using a different version of the FORTRAN 77 code, referred to as Jetrev10p0.
Jet11p4 and jetrev10p0 were compared for Marviken Test 5 (t = 10 s) and Marviken Test 6 (t =
5 s) conditions. It was found that the values calculated by the two codes did not agree for the
following reasons:
(a) For Marviken Test 6, Jetrev10p0 used the Homogeneous Equilibrium Model (HEM) to
calculate the critical mass flux, while Jet11p4 used the Henry Fauske model. The critical
mass flux for Marviken Test 6 conditions at t = 5 s was 7967 lbm/ft2/s and 9523 lbm/ft2/s
for the HEM and Henry Fauske model, respectively.
(b) Jetrev10 calculates Equation (D-7) in ANSI/ANS-58.2 as

Poe = Fj Ae

(A-1)

which is incorrect. It should be

Poe = Fj Aje

(A-2)

A-1

where

Aje = CT Ae

(A-3)

where CT = 2 and 1.26 for subcooled and saturated conditions, respectively. As a result,
Jetrev10p0 is missing a factor of 1.26 for saturated conditions and a factor of 2 for
subcooled conditions in the denominator of Eq. D-7.
(c) The differences are also attributed to a combination of a few smaller code changes: (1)
Jet11p4 calculates the gauge pressure for the stagnation pressure, while jetrev10
calculates the absolute pressure; (2) The local jet diameter was used in Equation (D-11)
in the if statement for the definition of Fc in jetrev10, while Dj is used in jet11p at z=zc ;
(3) Jetrev10 did not include the second comment in Equation (D-2) of the Standard,
while it is included in Jet11p4.
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APPENDIX B
EVALUATION OF THE STANDARD MODEL BY MARVIKEN TESTS
Table B-1 Test 1 Conditions in Marviken Tests for ANSI/ANS-58.2 (1988) Evaluation (Deff =
0.5 m)
Analyzed Time (s)
5
10
20
35
50
59
Input and Measured
4,330
3,926
3,461
3,146
2,874
1,315
Stagnation Pressure
(kP )
ΔT =
ΔT =
ΔT =
α = 0.1
α = 0.078 α = 0.99
Fluid State
20.5°C
14.5°C
6.5°C x = 0.0022 x = 0.0015 x = 0.91
Measured Fluid
Temperature (°C)

234.5

234.7

235.4

Calculated Fluid
234.6
234.7
235.4
Temperature (°C)
Measured Containment
287.5
308
274.1
Pressure (kPa)
Measured Critical Mass
42,724.0 35,546.0 25,860.0
Flux (kg/m 2s)
Calculated Critical Mass 50,542.9 44,985.5 37,876.8
Flux (kg/m 2s)
by HF
by HF
by HF
(Calculated –
Measured)/Measured
Mass Flux

18.3%

26.6%

B-1

46.5%

236.5

231.5

192.1

236.5

231.5

192.1

192.9

163.3

130.7

16,125.0

15,130.0

1,617.9

14,500.7
by HEM

13,630.2
by HEM

1,966.0
by IE

-10.1%

-9.9%

21.5%

Figure B-1 Comparison between Standard Model Calculation and Experimental Data at Beam 1
in Test 1 of Marviken Tests. Error Bar: ±20%
B-2

Figure B-2 Comparison between Standard Model Calculation and Experimental Data at Beam 2
in Test 1 of Marviken Tests. Error Bar: ±20%
B-3

Figure B-3 Comparison between Standard Model Calculation and Experimental Data at Beam 4
in Test 1 of Marviken Tests. Error Bar: ±20%
B-4

Figure B-4 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beam 6 in Test 1 of Marviken Tests. Error Bar: ±20%
B-5

Table B-2 Test 2 Conditions in Marviken Tests for ANSI/ANS-58.2 (1988) Evaluation (Deff =
0.28 m)
Analyzed Time (s)
10
20
40
50
60
80
Input and Measured
Stagnation Pressure (kPa)

4,622

4,313

3,984

Fluid State

ΔT =
24.8°C

ΔT =
19.5°C

ΔT =
5.2°C

Measured Fluid
Temperature (°C)

234.3

235.3

244.9

248.5

246.6

221.5

Calculated Fluid
Temperature (°C)

234.3

235.3

244.9

248.5

246.6

221.5

Measured Containment
Pressure (kPa)

136.4

134.3

119.4

111.7

110.1

102.5

3,881

3,752

2,387

α = 0.066 α = 0.105 α = 0.996
x = 0.0017 x = 0.0027 x = 0.79

Measured Critical Mass
Flux (kg/m 2s)

48,458.0 42,748.0

24,940.0

18,766.0 17,778.0

Calculated Critical Mass
Flux (kg/m 2s)

60,825.3 49,864.3
by HEM
by HF

39,655.1
by HF

16,936.2 16,446.3 3,996.6 by
by HEM by HEM
IE

(Calculated –
Measured)/Measured
Mass Flux

25.5%

16.6%

B-6

59.0%

-9.8%

-7.5%

3,119.0

28.1%

Figure B-5 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beam 1 in Test 2 of Marviken Tests. Error Bar: ±20%
B-7

Figure B-6 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beam 2 in Test 2 of Marviken Tests. Error Bar: ±20%
B-8

Figure B-7 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beam 4 in Test 2 of Marviken Tests. Error Bar: ±20%
B-9

Figure B-8 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beam 6 in Test 2 of Marviken Tests. Error Bar: ±20%
B-10

Table B-3 Test 3 Conditions in Marviken Tests for ANSI/ANS-58.2 (1988) Evaluation (Deff =
0.5 m)
Analyzed Time (s)
2
4
5.5
Input and Measured Stagnation
Pressure (kPa)

4,604

4,390

4,161

Fluid State

ΔT = 45.4°C

ΔT = 42.1°C

ΔT = 39°C

Measured Fluid Temperature (°C)

213.4

213.9

213.7

Calculated Fluid Temperature (°C)

213.3

213.8

213.7

Measured Containment Pressure
(kPa)

221.8

260.9

277.3

Measured Critical Mass Flux
(kg/m 2s)

59,174.0

56,663.0

54,392.0

Calculated Critical Mass Flux
(kg/m 2s)

117,029.9 by
HEM

108,419.3 by
HEM

100,337.9 by
HEM

(Calculated –
Measured)/Measured Mass Flux

97.8%

91.3%

84.5%

B-11

Figure B-9 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at the Center of Jets in Test 3 of Marviken Tests. Error Bar:
±20%

B-12

B-13

Figure B-10 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and Experimental Data at Beam 0 (Upper)
and Beam 1 (Lower) in Test 3 of Marviken Tests. Error Bar: ±20%

B-14

Figure B-11 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and Experimental Data at Beam 2 (Upper)
and Beam 4 (Lower) in Test 3 of Marviken Tests. Error Bar: ±20%

Figure B-12 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beam 5 in Test 3 of Marviken Tests. Error Bar: ±20%

B-15

Table B-4 Test 5 Conditions in Marviken Tests for ANSI/ANS-58.2 (1988) Evaluation (Deff =
0.28 m)
Analyzed Time (s)
10
20
40
60
80
Input and Measured
Stagnation Pressure
(kPa)

4,407.65

3,859.54

3,022.26

2,414.32

1,983.91

Fluid State

α = 0.998
x = 0.97

α = 0.998
x = 0.97

α = 0.999
x = 0.99

α = 0.999
x = 0.99

α = 0.999
x = 0.97

254.8

246.6

232.4

220.5

210.0

256.3

248.2

234.2

222.1

212.0

Measured Containment
Pressure (kPa)

107

107

105

105

103

Measured Critical Mass
Flux (kg/m 2s)

5,812

5,084

3,868

3,059

2,343

Calculated Critical Mass
Flux (kg/m 2s)

6,251 by
HEM

5,456 by
HEM

4,277 by
HEM

3,425 by
HEM

2,823 by
HEM

(Calculated –
Measured)/Measured
Mass Flux

7.6%

7.3%

10.6%

11.9%

20.4%

Measured Fluid
Temperature (°C)
Calculated Fluid
Temperature (°C)

B-16

Figure B-13 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at the Center of Jets in Test 5 of Marviken Tests. Error Bar:
±20%
B-17

Figure B-14 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beam 1 in Test 5 of Marviken Tests. Error Bar: ±20%
B-18

Figure B-15 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beams 2 and 3 in Test 5 of Marviken Tests. Error Bar: ±20%
B-19

Figure B-16 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beam 4 in Test 5 of Marviken Tests. Error Bar: ±20%
B-20

Table B-5 Test 6 Conditions in Marviken Tests for ANSI/ANS-58.2 (1988) Evaluation (Deff =
0.5 m)
Analyzed Time (s)
5
10
20
45
60
75
Input and Measured
Stagnation Pressure
(kPa)
Fluid State
Measured Fluid
Temperature (°C)
Calculated Fluid
Temperature (°C)
Measured Containment
Pressure (kPa)

4,049

ΔT = 16°C ΔT = 11°C

(Calculated –
Measured)/Measured
Mass Flux

3,330
ΔT = 5°C

2,974

2,640

1,345

α = 0.2
α = 0.7 α = 0.995
x = 0.0045 x = 0.04 x = 0.7

233.0

233.5

234.0

232.0

226.0

189.0

235.1

236.0

234.7

233.3

226.8

193.2

249

260

244

157

140

120

35,600.0

27,000.0

17,000.0

11,000.0

2,000.0

Measured Critical Mass
42,000.0
Flux (kg/m 2s)
Calculated Critical
Mass Flux (kg/m 2s)

3,778

46,496.6 by 42,140.6 by 36,335.1 by 13,741.3 by 10,553.8 2414 by
HF
HF
HF
HEM
by HEM
IE
10.7%

18.4%

B-21

34.6%

-19.2%

-4.0%

20.7%

Figure B-17 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at the Center of Jets in Test 6 of Marviken Tests. Error Bar:
±20%
B-22

Figure B-18 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beam 1 in Test 6 of Marviken Tests. Error Bar: ±20%
B-23

Figure B-19 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beams 2 and 3 in Test 6 of Marviken Tests. Error Bar: ±20%
B-24

Figure B-20 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data at Beam 4 in Test 6 of Marviken Tests. Error Bar: ±20%

B-25

Table B-6 Test 7 Conditions in Marviken Tests for ANSI/ANS-58.2 (1988) Evaluation (D =
0.5 m)
Analyzed Time (s)
5
10
20
30
45
50
Input and Measured
Stagnation Pressure
(kPa)

4,318

3,784

3,234

3,003

Fluid State

ΔT =
19.2°C

ΔT =
12.5°C

ΔT =
3.3°C

α = 0.3
x = 0.005

251.9

245.5

238.6

235.3

224.4

203.7

235.7

234.5

234.7

233.9

223.7

201.8

285.6

300.35

268.9

205.9

161

143.4

39,321.9

27,149.7

17,750.3

10,077.2

3,574.9

Measured Fluid
Temperature (°C)
Calculated Fluid
Temperature (°C)
Measured Containment
Pressure (kPa)

Measured Critical Mass
47,625.0
Flux (kg/m 2s)
Calculated Critical
Mass Flux (kg/m 2s)

49,689 by
HF

43,113 by
HF

(Calculated –
Measured)/Measured
Mass Flux

4.3%

9.6%

B-26

2,489

1,615

α = 0.85 α = 0.997
x = 0.1
x = 0.7

34,890 by 13,802 by 8,262 by 2,917 by
HF
HEM
HEM
IE
28.5%

-22.2%

-18.0%

-18.4%

Figure B-21 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data in Test 7 (z/D = 4.05) of Marviken Tests. Error Bar: ±20%
B-27

Table B-7 Test 8 Conditions in Marviken Tests for ANSI/ANS-58.2 (1988) Evaluation (D =
0.5 m)
Analyzed Time (s)
5
10
20
30
45
50
Input and Measured
Stagnation Pressure
(kPa)

4,285

3,756

3,209

2, 995

Fluid State

ΔT =
23.6°C

ΔT =
14.7°C

ΔT =
3.6°C

α = 0.21
x = 0.005

230.9

231.9

234.0

233.8

225.6

208.3

230.8

231.9

234.0

233.7

225.6

208.3

Measured Containment
Pressure (kPa)

226.7

286.6

265.3

199.8

157.5

138.7

Measured Critical Mass
Flux (kg/m 2s)

47,506

39,229

28,916

17,139

12,496

4,307

Calculated Critical
Mass Flux (kg/m 2s)

58,200 by
HEM

44,275 by
HF

(Calculated –
Measured)/Measured
Mass Flux

22.5%

12.9%

Measured Fluid
Temperature (°C)
Calculated Fluid
Temperature (°C)

B-28

2,580

1,845

α = 0.57 α = 0.995
x = 0.02 x = 0.7

34,915 by 13,783 by 11,349 by 3,288 by
HF
HEM
HEM
IE
20.7%

-19.6%

-9.2%

-23.7%

Figure B-22 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data in Test 8 (z/D = 2.06) of Marviken Tests. Error Bar: ±20%
B-29

Table B-8 Test 10 Conditions in Marviken Tests for ANSI/ANS-58.2 (1988) Evaluation (D =
0.5 m)
Analyzed Time (s)
5
10
20
30
45
50
Input and Measured
Stagnation Pressure
(kPa)

4,283

3,806

3,238

2,988

Fluid State

ΔT =
22.9°C

ΔT =
14.7°C

ΔT =
3.1°C

ΔT =
0.7°C

231.5

232.7

235.0

232.9

225.0

205.5

231.5

232.7

235.0

232.9

225.0

205.5

250.3

275.3

257.3

189.75

147.1

128.5

38,678.0

27,702.0

18,332.0

17,366.0

4,578.0

56,270.9 by 44,527.3 by 34,786.6
HEM
HF
by HF

32,154.5
by HF

11,784.3 3,841.9 by
by HEM
HEM

Measured Fluid
Temperature (°C)
Calculated Fluid
Temperature (°C)
Measured Containment
Pressure (kPa)

Measured Critical Mass
46,262.0
Flux (kg/m 2s)
Calculated Critical
Mass Flux (kg/m 2s)
(Calculated –
Measured)/Measured
Mass Flux

21.6%

15.1%

B-30

25.5%

75.4%

2,549

1,743

α = 0.425 α = 0.982
x = 0.011 x = 0.364

-32.1%

-16.0%

Figure B-23 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data in Test 10 (z/D = 1.27) of Marviken Tests. Error Bar: ±20%
B-31

Table B-9 Test 11 Conditions in Marviken Tests for ANSI/ANS-58.2 (1988) Evaluation (D =
0.5 m)
Analyzed Time (s)
5
10
20
30
40
50
60
70
Input and Measured
Stagnation Pressure
(kPa)

4,467

Fluid State

α = 1.0
x = 1.0

Measured Fluid
Temperature (°C)
Calculated Fluid
Temperature (°C)
Measured
Containment
Pressure (kPa)
Measured Critical
Mass Flux (kg/m 2s)

4,155

3,627

3,178

2,796

2,468

2,191

1,952

α = 1.0 α = 0.99 α = 1.0 α = 1.0 α = 1.0 α = 1.0 α = 1.0
x = 1.0 x = 0.7 x = 0.99 x = 0.99 x = 0.89 x = 0.99 x = 0.99

257.0

252.6

244.6

237.0

230.0

223.3

217.0

211.1

257.0

252.6

244.6

237.0

230.0

223.2

217.0

211.1

108.4

105.8

104.1

104.1

104.1

104.1

104.1

104.1

5,618.0 5,429.0 5,654.0 4,205.0

3,525.0 3,249.0 2,841.0 2,511.0

Calculated Critical 6,316.2 5,873.7 5,979.2 4,495.8 3,959.7 3,500.2 3,112.6 2,778.2
Mass Flux (kg/m 2s) by HEM by HEM by HEM by HEM by HEM by HEM by HEM by HEM
(Calculated –
Measured)/Measured 12.4%
8.2%
5.8%
6.9%
12.3%
7.7%
9.6% 10.6%
Mass Flux

B-32

Figure B-24 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data in Test 11 (z/D = 2.15) of Marviken Tests. Error Bar: ±20%
B-33

Figure B-25 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data in Test 11 (z/D = 2.15) of Marviken Tests. Error Bar: ±20%
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Table B-10 Test 12 Conditions in Marviken Tests for ANSI/ANS-58.2 (1988) Evaluation (D =
0.5 m)
Analyzed Time (s)
5
10
20
30
45
55
Input and Measured
Stagnation Pressure
(kPa)

4,321

3,855

3,398

3,163

Fluid State

ΔT =
24.2°C

ΔT =
17°C

ΔT =
5.8°C

ΔT =
1.4°C

230.8

231.2

235.0

234.9

217.5

193.0

230.7

231.1

235.1

235.4

217.5

193.0

275.5

294.2

266.4

195.6

144.4

124.3

38,805.0

26,031.0

17,372.0

5,904.0

2,841.0

Measured Fluid
Temperature (°C)
Calculated Fluid
Temperature (°C)
Measured Containment
Pressure (kPa)

Measured Critical Mass
46,469.0
Flux (kg/m 2s)
Calculated Critical
Mass Flux (kg/m 2s)
(Calculated –
Measured)/Measured
Mass Flux

2,212

1,340

α = 0.961 α = 0.992
x = 0.244 x = 0.48

59,781.0 by 46,135.6 by 37,133.4 by 33,442.8 5,611.6 by 2,660.8 by
by HF
HEM
HF
HF
HEM
HEM
28.7%

18.9%

B-35

42.6%

92.5%

-4.9%

-6.3%

Figure B-26 Comparison between Standard Model Calculation (ANSI/ANS-58.2, 1988) and
Experimental Data in Test 12 (z/D = 2.95) of Marviken Tests. Error Bar: ±20%
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APPENDIX C
DISTANCE BETWEEN BREAK PLANE AND ASYMPTOTIC PLANE
FROM EXPERIMENTAL DATA
In order to evaluate the model in ANSI/ANS-58.2 (1988) to calculate the axial location of the
asymptotic plane, the distance between the break plane and the asymptotic plane needs to be
determined first based on the experimental data. In the Marviken tests (Marklund, 1985a), the
static pressure at different axial locations was measured in free jets, which provide valuable
data to investigate the axial location of the asymptotic plane. In this appendix, the static
pressure along the axis of the jet is plotted against the ambient pressure, to determine the axial
location of the asymptotic plane. In the current report, the static pressure measured at the
center of the jets are employed. All the conditions for the free jets investigated in Task 2 are
included here.
Based on the definition in ANSI/ANS-58.2 (1988), the position of the asymptotic plane is where
the static pressure of the jets drops to the ambient pressure. As such, it can be determined that
this distance is 2 for L/Deff for the condition shown in Figure C-1 (a). This dimensionless
distance for all other conditions is determined in a similar way.

C-1

Figure C-1 Static Pressure along the Axial Direction of Jet Downstream of the Break Plane
Test 1 of the Marviken Tests
C-2

Figure C-2 Static Pressure along the Axial Direction of Jet Downstream of the Break Plane
Test 2 of the Marviken Tests

C-3

Figure C-2 Static Pressure along the Axial Direction of Jet Downstream of the Break Plane Test
2 of the Marviken Tests (cont.)

C-4

Figure C-3 Static Pressure along the Axial Direction of Jet Downstream of the Break Plane
Test 3 of the Marviken Tests

C-5

Figure C-4 Static Pressure along the Axial Direction of Jet Downstream of the Break Plane
Test 5 of the Marviken Tests
C-6

Figure C-5 Static Pressure along the Axial Direction of Jet Downstream of the Break Plane
Test 6 of the Marviken Tests
C-7
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