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Particle image velocimetry measurement of complex flow structures
in the diffuser and spherical casing of a reactor coolant pump
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a b s t r a c t

Understanding of turbulent flow in the reactor coolant pump (RCP) is a premise of the optimal design of
the RCP. Flow structures in the RCP, in view of the specially devised spherical casing, are more compli-
cated than those associated with conventional pumps. Hitherto, knowledge of the flow characteristics of
the RCP has been far from sufficient. Research into the nonintrusive measurement of the internal flow of
the RCP has rarely been reported. In the present study, flow measurement using particle image
velocimetry is implemented to reveal flow features of the RCP model. Velocity and vorticity distributions
in the diffuser and spherical casing are obtained. The results illuminate the complexity of the flows in the
RCP. Near the lower end of the discharge nozzle, three-dimensional swirling flows and flow separation
are evident. In the diffuser, the imparity of the velocity profile with respect to different axial cross
sections is verified, and the velocity increases gradually from the shroud to the hub. In the casing, ve-
locity distribution is nonuniform over the circumferential direction. Vortices shed consistently from the
diffuser blade trailing edge. The experimental results lend sound support for the optimal design of the
RCP and provide validation of relevant numerical algorithms.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The reactor coolant pump (RCP) is one of the most important
components of a nuclear power plant. It delivers coolant to enable
heat exchange between the core of the reactor and the steam
generator [1,2]. The RCP is the only piece of equipment that is
required to rotate at high speed and for long operation period in the
nuclear island. The operation of the RCP is related to the safety and
stability of the whole nuclear power plant. Moreover, the operation
of the RCP is sustained with a considerable amount of power.
Regarding the practical application of the RCP, the operation sta-
bility should be granted the highest priority [3e5]. Meanwhile, a
wealth of research work has been dedicated to the improvement of
the performance of the RCP [6e8].

The external performance of the RCP depends significantly on
the internal flows involved. Moreover, both optimization of the
geometry of hydraulic components and development of a flow
control scheme necessitate good understanding of the flow pat-
terns in the RCP. However, quantitative flow information and

generalizable conclusions about the flow structures of the RCP are
scarce. The majority of published work employed the computa-
tional fluid dynamics technique. Ni et al. [9,10] studied the un-
steady flow structures and pressure pulsations in the RCP using the
large eddy simulation method. Wang et al. [11] numerically
investigated the vaporeliquid two-phase flow in model pumps.
Gao et al. [12] analyzed transient flows inside the RCP during flow
coastdown period based on computational fluid dynamics results.
As the most vital pump part, the RCP casing is spherical in shape to
ensure the reliability and stability of pump operation. In consid-
eration of the unique geometry of the casing, the flow structures
inside are appreciably intrinsic. However, measurement of flows in
the RCP has not been reported so far. Meanwhile, even from a nu-
merical aspect, the depiction of highly three-dimensional flow
structures in the RCP has not been attained.

Optimal measurement techniques such as particle image
velocimetry (PIV) are sufficiently dependable in revealing flow
structures associated with fluid machinery [13]. PIV investigations
have been undertaken to study the flow field in impeller pumps.
Jens et al. [14] used PIV to measure the internal flows of a 2D
centrifugal pump at high flow rate. The influence of the
bladeetongue interaction on local flow patterns was illustrated.
Shao Chunlei et al. [15,16] analyzed the difference between the PIV* Corresponding author.
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and numerical results with respect to a molten salt pump. Miyabe
et al. [17] measured flows near the diffuser inlet using PIV tech-
niques and proposed that the back flow to the impeller near the
diffuser inlet triggers the occurrence of rotating stall. Inoue et al.
[18] and Lu et al. [19] used PIV to visualize the flow field in the
impeller of a mixed flow pump and to capture the jet-wake phe-
nomenon near the impeller outlet. In most of the published liter-
ature about flow measurement for impeller pumps
[20e22] explaining flow patterns in pumps through velocity and
vorticity distributions has proven effective and can provide an
intuitive reference for the optimal design.

To reveal the flow structures in the spherical casing and outer
part of the diffuser of an RCP model, the PIV technique is employed
in the present study. Velocity and vorticity distributions for design
and off-design flow rates are obtained. Local flow patterns near the
discharge nozzle of the casing are described. Velocity distributions
at different cross sections are analyzed in detail as the flow rate
varies. The experimental results are compared with the published
numerical results. Besides this, flow patterns at different regions in
the RCP are compared. Both velocity profile in the diffuser outlet
and vorticity distribution near the diffuser blade trailing edge are
presented. It is anticipated that this study will provide sound
support for internal flow control, optimal design of the RCP, and the
validation of relevant numerical schemes.

2. Experimental facility and measurement techniques

2.1. Experimental facility

An RCP model was devised to fulfill the requirements of flow
measurement, as shown in Fig. 1. The main design parameters of
the model pump are listed in Table 1. The RCP model tested in the
experiment is a scaled model; the dimension scale is 1:3 with
respect to the prototype. The values of the quantities listed in
Table 1 were obtained based on similarity principles. To realize
noncontact optical measurement, the laser must penetrate into the
target flow region. Therefore, the suction duct, diffuser, and
spherical casing of the model pump were made of plexiglass, as
shown in Fig. 2. A copper impeller was used. At the same time, to

increase the accuracy of optical measurement, a water jacket was
mounted surrounding the casing to compensate for the refractive
index.

The experiment was carried out on a closed-loop test rig, which
conforms to the ISO 9906 standard, as shown in Fig. 3. This loop
incorporates a water tank with volume of 11.6 m3. The accuracy of

Fig. 1. The RCP model.
RCP, reactor coolant pump.

Table 1
Main design parameters.

Parameter Value

Nominal flow rate QN 848 m3/h
Design head HN 12.7 m
Nominal rotational speed n 1,480 r/min
Nominal flow rate at 900 r/min Qd 515.5 m3/h
Impeller inlet diameter D1 221 mm
Impeller outlet diameter D2 268 mm
Impeller outlet width b2 84 mm
Diffuser inlet diameter D3 298 mm
Diffuser outlet diameter D4 459 mm
Diffuser outlet width b3 71.4 mm
Casing diameter D5 637.5 mm
Impeller blade number Zi 4
Diffuser blade number Zd 12

Fig. 2. The transparent plexiglass casing and diffuser.
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the electromagnetic flowmeter is ±0.2%, and the flow rate was
controlled by adjusting the valve installed downstream of the
pump outlet. Themodel pumpwas driven by an electric motor with
power of 55 kW. The nominal rotational speed was 1,480 r/min.
However, the spherical casing is exposed to high static pressure
when the pump operates at the nominal rotational speed. To pro-
tect the casing from damage by the high pressure, the rotational
speed was set at 900 r/min. The startup of the pumpwas controlled
through a frequency converter.

2.2. PIV setup

A DANTEC PIV system was used for the flow measurement, as
shown in Fig. 3. Five cross sections perpendicular to the impeller
axis were monitored, as indicated in Fig. 4A. Each cross section was
defined by its axial distance to the shroud of the diffuser. Thereby,
S0.5 denotes the mid-plane of the diffuser, and S0.75 denotes the
mid-plane of the spherical casing. The distance between neigh-
boring cross sections is 17 mm. In consideration of the optical
configuration, the flow region was divided into five subregions, as
shown in Fig. 4B. As for the PIV system, a 60 mJ/pulse Nd-YAG laser
was used to generate a light sheet via the cylindrical lens; the
wavelength is 532 nm and themaximum frequency 15 Hz. The time
delay between two consecutive laser pulses was set at 50 ms to
guarantee that the particle displacement is larger than the particle
diameter but less than 1/4 of the size of the interrogation area.

A CCD camera was employed to record the motion of seeding
particles in the flow. The FlowSense EO 2M (DANTEC DYNAMICS A/
S) camera has a spatial resolution of 1,600 � 1,200 pixels. A Nikon
AF Nikkor 50 mm f/1.8 lens was used to attain anticipated image
size and resolution. A cross-correlation algorithm was applied for
the 32� 32 pixel interrogationwindows, with 50% overlap, and the
vector resolution in the present work was about 1.7 mm. The
emitting of the laser was synchronized with the exposure time of
the CCD camera, under the control of DynamicStudio software. At
each position, 300 images capturedwith double-frame and double-
exposure mode were devoted to the calculation of the time-
averaged velocity. Hollow glass spheres with diameters ranging
from 20 to 60 mmwere chosen as seeding particles. Moreover, 4 to

20 pairs of seeding particles were trapped in each interrogation
region.

The time-averaged velocity measurement error is composed of
both statistical and systematic errors [23]. The statistical errors
consist of the particle displacement measurement error sD and the
flow turbulence intensity sT1, while the systematic errors consist of
the particle lag error sLag and the image synchronization error sSyn.
So, the relative standard deviation bs is given by

Fig. 3. The closed-loop test rig and PIV system.
PIV, particle image velocimetry; RCP, reactor coolant pump.

Fig. 4. Definition of monitored cross sections and regions. (A) Cross sections. (B)
Regions.
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bs2 ¼ s2D þ s2T1 þ s2Lag þ s2Syn (1)

The particle displacement measurement error sD is determined
by the ratio of the correlation peak width dr to the average particle
displacement in the subregion D:

sD ¼ dr
D

(2)

According to 3-point Gaussian peak estimators, the nominal
values for the peak position error are on the order of 0.1 pixel [24].
The size of the subregion is 32 � 32 pixels with 50% overlap and an
eight pixel subregion shift. So, the relative error sD in the
displacement measurement is approximately 0.1/16 z 0.6%. The
expected flow turbulence intensity sT1 is on the order of 2e3%.
There is no region with high acceleration and deceleration in the
diffuser or spherical casing, so the particle lag velocity is negligible
and sLag ¼ 0. In the measurement, the camera and laser were
synchronized by a timer box, so the synchronization error is
negligible and sSyn ¼ 0. According to Eq. (1), the relative standard
deviation bsz2:57%. Nevertheless, after phase-averaging, the un-
certainty of the mean flow quantities is reduced by approximately
an order of magnitude [14].

3. Analysis of experimental results

By using the cross correlation algorithm, the distribution of
seeding particle velocity can be extracted from successive images
[25]. The background view of each image was subtracted to
improve the quality of resultant images [15]. To eliminate spurious
vectors, a mask was used in each velocity map [21]. Three hundred
instantaneous velocity fields were obtained by processing the
double-frame images at every monitored cross section in each re-
gion, under each operating condition. In each cross section, the
velocity map consists of velocity vectors in the plane. The instan-
taneous components of the absolute velocity at each point are
defined as u(x,y,t) and v(x,y,t). The final velocity at each point was
calculated by an arithmetical average approach over the 300 groups
of data, realized using Eq. (3). The velocity field is obtained by
calculating the absolute velocity V at each point, as given in Eq. (4).

uðx; yÞ ¼ 1
300

X299
i¼0

uðx; y; t0 þ iDtÞ

vðx; yÞ ¼ 1
300

X299
i¼0

vðx; y; t0 þ iDtÞ (3)

Vðx; yÞ ¼ uðx; yÞ þ vðx; yÞ (4)

In PIV measurement, the vorticity contours are represented by
the out-of-plane component of the vorticity, and the average out-
of-plane component can be calculated by

uz ¼ vv
vx

� vu
vy

(5)

Positive vorticity indicates clockwise rotation, which is consis-
tent with the rotation of the impeller.

3.1. Velocity distributions

Local flows in Region 1 deserve special attention, and have been
discussed in Refs. [3] and [9]. Flow patterns in this region might
lead to excessive hydraulic loss. Based on PIV results, velocity

contours and streamlines in Region 1 were constructed under
different operating conditions; the results are shown in Fig. 5. It can
be seen that the flow structures are remarkably complicated at low
flow rate. In the S0.5 and S0.75 cross sections, distinct large-scale
swirling flow structures emerge near the discharge nozzle of the
casing. This phenomenon is caused by flow detachment occurring
at the suction side of the diffuser blade and near the diffuser outlet.
At the blade outlet, under the effect of positive pressure gradients,
fluid near the blade surface that has been subjected to viscous
resistance receives additional pressure acting in the direction
opposite to the flow. Consequently, the fluid kinetic energy is
insufficient to sustain the downstream progression for a long time.
Eventually, the velocity direction at the blade surface is opposite to
that of the main stream, giving rise to adverse flow and leading to
flow detachment. Besides this, the adverse flow fosters a vortex
zone that moves downstream with the main flow and simulta-
neously produces a flow wake. With the increase of the flow rate,
velocity in the diffuser and spherical casing increases as well and
the uniformity of the velocity distribution improves remarkably.
The large-scale swilling flow disappears and both the distribution
and shape of the streamline gradually become homogeneous.

Flow structures in the diffuser channel are similar but velocity
magnitude is sensitive to the axial position of the monitored cross
sections. It can be seen that the velocity magnitude increases
gradually from the shroud side to the hub side in the diffuser. A
high velocity zone forms at the diffuser outlet; this can be promi-
nently seen in Fig. 5C. The discrepancy of the size of high velocity
zone is distinct over different cross sections and at different flow
rates. With the increase of the flow rate, the high velocity zone
becomes large as well. Meanwhile, the high velocity zone diffuses
downstream with the main stream; the extent of diffusion varies
with the flow rate. The velocity of the main stream increases with
the flow rate, which leads to exacerbation of the diffusion of the
high velocity zone.

Fig. 6 shows the velocity magnitude in Region 1 at S0.05 cross
section at different flow rates. Fluid is divided into two branches;
one branch flows to the discharged nozzle and the other branch
flows to the downstream casing. The flows of these two branches
were defined in Ref. [9] as run-through flow and circulating flow,
respectively. The occurrence of this phenomenon is related to the
velocity direction perpendicular to the wall surface after the fluid
flows out of the radial diffuser, such that it will impinge on the wall
of the casing. After bouncing back, it separates into two parts. One
part flows to the discharged nozzle and then discharges the casing
directly; this part is run-through flow. The other part has to flow
around the casing once more prior to being discharged; this part is
circulating flow.

Fig. 7 shows the velocity distribution over of the midspan plane
in the RCP, obtained numerically in Ref. [9]. It can be seen that
impingement flow was also predicted by the numerical technique.
The discrepancy between experimental and numerical results lies
in the position of the impingement flow. With the results obtained
in Ref. [9], the impingement flow occurs in themiddle cross-section
of the diffuser. Nevertheless, the experimental results obtained
here demonstrate that the impingement flow arises at the cross
section near the shroud of the diffuser. The error of numerical re-
sults is caused by neglect of the friction and leakage flows. Ac-
cording to the experimental results obtained here, the numerical
scheme can be further optimized.

The position of the impingement flow varies with the flow rate.
As the flow rate increases, the impingement flow tends to deviate
from the discharged nozzle and migrates downstream. Another
noteworthy phenomenon is that portions of the run-through flow
and circulating flow vary with the flow rate as well. It can be
inferred from the streamline distribution that the portion of run-
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through flow increases gradually with the flow rate. The impinge-
ment flow contributes significantly to hydraulic losses in the RCP
casing.

Fig. 8 shows the velocity distribution in the other four regions at
the design flow rate. A combination of Figs. 5 and 8 indicates that,
from Region 1 to Region 5, velocity in the casing increases gradu-
ally. This means that the velocity increases gradually in the
circumferential direction with the rotation of the impeller in the
casing, which differs from the flow situation in the spiral volute. In
the spiral volute, velocity decreases gradually as the impeller ro-
tates. This is because the cross-sectional area of the conventional

volute increases progressively from the tongue in circumferential
direction in order to realize the conversion of kinetic energy to
pressure energy. However, the casing of the RCP is designed with a
spherical shape so as to fulfill the uniform cross section criterion
and to guarantee mechanical safety. So, along with the impeller
rotation direction, the casing collects more fluid with constant
cross-sectional area, which leads to the increase of velocity. This is a
unique phenomenon associated with the spherical casing.

In all the four regions displayed in Fig. 8, velocity in the diffuser
channel increases gradually from S0.25 to S0.75; these results are
consistent with the situation of Region 1. These results suggest that,

Fig. 5. Velocity distribution and streamlines in Region 1 at S0.25, S0.5 and S0.75 three cross sections, under 0.8 Qd, 1.0 Qd and 1.2 Qd. (A) S0.25. (B) S0.5. (C) S0.75.
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in the diffuser channel, the velocity profile is not uniform along the
axial direction. This is ascribed to the special geometry of the mixed
flow impeller. The blade length of the mixed flow impeller is
shortened from the impeller shroud to hub, and the impeller is
intended to induce forced vortex motion in the passage; thus, the
velocity near the shroud is higher than that near the hub. Because

the blade outlet of the mixed flow impeller is slanted, the liquid
discharged from the impeller bears an axial velocity component
that points to the hub side. Therefore, high-velocity fluid in the
shroud side flows to the hub side of the diffuser after it flows out of
the impeller. This is why the velocity on the hub side of the diffuser
is higher than that on the shroud side.

Fig. 9 shows the velocity distribution in Region 4 in the S0.5
plane and at 0.8 Qd, 1.0 Qd, and 1.2 Qd. The velocity in the diffuser is
higher than that in the casing, so the fluid in the casing is pushed
aside by fluid that flows out of the diffuser channel. As the flow rate
increases, the velocity of the fluid that is discharged from the
diffuser increases, and then the push-aside effect is intensified.
Subsequently, the velocity distribution in the casing becomes non-
uniform with the increase of the flow rate.

In circumferential direction, the variation of velocity from the
blade pressure side to the blade suction side was extracted from the
measured results. The circular segment that accommodates the
velocity variation is exhibited in Fig. 10; the radius of the segment is
0.926 R4. Here, velocity magnitudes are normalized by the impeller
blade tip speed Utip of 12.6 m/s. Therefore, the normalized averaged
velocity magnitude is expressed as V* ¼ ��V��=Utip.

Fig. 11 shows the cross sectional velocity distributions in the S0.5
cross section and the arc segment that was selected in Region 2 at
different flow rates. Due to the wall effect, the velocity magnitudes
near the blade are very small. It can be seen that velocity distri-
butions at different flow rates are similar. The velocity near the
pressure side is higher than that near the suction side; the velocity
difference attains its maximum at 1.0 Qd. From an overall view-
point, the velocity distribution along the circumferential direction
is uniform at 0.8 Qd. At low flow rates and the design flow rate, the
velocity distributions are more uniform when x is larger than 0.5.
However, at high flow rates, flow fluctuation occurs near the suc-
tion side and local velocity distributions are more complicated than
those near the pressure side.

Fig. 12 shows the cross sectional velocity distribution in the S0.5
cross section; the arcs were selected in the five regions. Only the
design flow rate condition is considered. The outlet velocity of the
diffuser attains its maximum near the pressure side. Then, it drops
gradually and stabilizes at x ¼ 0:3. In the middle of the outlet, the
velocity distribution is rather uniform and fluctuations occur near
the suction side. It is seen that the velocity distribution at the
diffuser outlet in the S0.5 cross section is not uniform over the

Fig. 6. Velocity distribution and streamlines in Region 1 at S0.05 cross section, under
different flow rates. (A) 0.8 Qd. (B) 1.0 Qd. (C) 1.2 Qd.

Fig. 7. Numerically obtained velocity distribution over the midspan plane in the RCP [9].
RCP, reactor coolant pump.
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circumferential direction, although the diffuser is designed to be
symmetrical.

The averaged outlet velocity distribution for the five cross sec-
tions at Qd is plotted in Fig. 13. It is noted that the overall velocity
distribution trends in the five regions are similar, and the velocity
distribution is more uniform in Region 1 and Region 2. In these two
regions, the velocity profiles are nearly linear at the outlet, except

for few points near the blade surface. From Region 1 to Region 5,
along the circumferential direction, the velocity increases slightly
and the maximum velocity appears in Region 5. The velocity in
Region 5 is about 1.3 times higher than that in Region 1. It is also
proved that the velocity distribution at the diffuser outlet is not
uniform, as it is inseparable from the effect of the downstream flow
in the spherical casing.

Fig. 8. Velocity distribution and streamlines in different regions at three cross sections, at design flow rate. (A) Region 2. (B) Region 3. (C) Region 4. (D) Region 5.
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Velocity distribution in Region 4 is relatively uneven. Velocity
near the pressure side is much higher than that near the suction
side. At x ¼ 0:25, the velocity reaches its maximum and then drops
dramatically; at x ¼ 0:35, velocity declines as x increases. Severe
velocity variation between different cross sections might lead to
the generation of complex flow patterns such as jet-wake flow and
secondary flow. Consequently, the hydraulic loss in the diffuser

increases. Overall, the velocity profile on the suction side is more
uniform than that on the pressure side, as evidenced in Region 4.

3.2. Vorticity distribution

Fig. 14 shows the averaged vorticity uz in S0.5 cross section in
Region 1. Strong positive and negative vorticity sheets are formed
on the pressure and suction sides of the diffuser blade, respectively.
Near the diffuser blade trailing edge, positive vorticity elements

Fig. 9. Velocity distribution and streamlines in Region 4 at different flow rates. (A) 0.8
Qd. (B) 1.0 Qd. (C) 1.2 Qd.

Fig. 10. Schematic of the circular arc extending from blade pressure side to suction
side.

Fig. 11. Dimensionless velocity profiles along a circular arc at diffuser outlet (x ¼ 0
represents the pressure side; x ¼ 1 represents the suction side).

Fig. 12. Dimensionless velocity profiles at Qd in different regions (x ¼ 0 represents the
pressure side; x ¼ 1 represents the suction side).
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shed from the blade via the pressure surface. The vorticity decays
with the increase of the distance from the blade trailing edge, and
eventually collapses. It is noted that as the flow rate increases, the
vorticity gradually increases and the size of the shedding zone
expands accordingly. The tangential velocity near the blade surface
increases with the flow rate; thus, vorticity increases. Conse-
quently, hydraulic loss resulting from vortex shedding is higher at
large flow rate than at low flow rate.

Vorticity distributions in different regions at the design flow
rate are comparatively shown in Fig. 15. Apparently, vortex shed-
ding occurs at each bade trailing edge; from Region 1 to Region 5,
the length of the area covered by vortex shedding is gradually
minimized. As mentioned above, velocity in the casing increases
from Region 1 to Region 5; when the vorticity layer sheds from the
blade trailing edge and enters the flow field in the casing, it is still
exposed to the effect of the upstream fluid. High upstream velocity
accelerates the dissipation of fluid kinetic energy. So, in Region 5,
the length of the vortex shedding area is shorter than that in
Region 1.

4. Conclusions

PIV measurement is performed to reveal flow patterns at the
outer part of the diffuser and in the spherical casing of an RCP
model. Both the flow rate and the position of the monitored cross
section are considered. Detailed local flow patterns and flow
parameter distributions are obtained. The influence of the unique
geometry of the spherical RCP casing is described and explained.
The experimental results are helpful for devising methods of
improving the efficiency and operational stability of the pump. The
following conclusions are drawn from the experimental
investigation.

(1) The application of PIV enables the acquisition of distinct
impingement flow and run-through flow in the RCP casing
and near the discharge nozzle. Both the position of the
impingement flow and the portion of the run-through and
circulating flows vary with the flow rate.

(2) In the spherical casing, velocity increases gradually in
circumferential direction with the rotation of the impeller.
The push-aside effect in the casing is intensified as the flow
rate increases. In the diffuser channel, velocity distributions
are non-uniform in both circumferential and axial directions.

(3) Vortices with opposite rotational directions are witnessed
near the diffuser blade surface. Vortex shedding occurs near
each blade trailing edge. Both the circumferential position
and the flow rate impose an effect on the dimensions of the
area dominated by vortex shedding. The pump operation
stability is anticipated to be enhanced through control of the
vortex shape and vortex shedding frequency.

Fig. 13. Non-dimensional averaged velocity distribution at Qd at diffuser outlet (x ¼ 0
represents the pressure side; x ¼ 1 represents the suction side).

Fig. 14. Averaged vorticity uz at S0.5 plane in Region 1 at different flow rates. (A) 0.8 Qd.
(B) 1.0 Qd. (C) 1.2 Qd.
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Nomenclature

QN Nominal flow rate, (m3/h)
HN Design head, (m)
Qd Nominal flow rate in 900 r/min, (m3/h)
D1 Impeller inlet diameter, (mm)
D2 Impeller outlet diameter, (mm)
D3 Diffuser inlet diameter, (mm)
D4 Diffuser outlet diameter, (mm)
R4 Diffuser outlet radius, (mm)
D5 Casing diameter, (mm)
b2 Impeller outlet width, (mm)
b3 Diffuser outlet width, (mm)
Zi Impeller blade number
Zd Diffuser blade number
Utip Peripheral velocity at impeller exitbs Relative standard deviation
sD Particle displacement measurement error
sT1 Flow turbulence intensity
sLag Particle lag error
sSyn Image synchronization error
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