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Transition phenomena from laminar to turbulent flow are roughly classified into
three categories. The circular pipe flow of the third category is linearly stable against any
small disturbance, despite that the flow actually transitions and the transitional flow
exhibits intermittency. These issues are among the major challenges that are yet to be
resolved in fluid dynamics. Thus, the author indicates for the first time the fact that
nobody has ever noticed and recognized. This fact is “Flow in a circular pipe transitions
from laminar flow because of the vortices released from separation bubble forming in the
vicinity of the inlet of the pipe, and the transitional flow becomes intermittent because the
vortex-shedding is intermittent”. The fact is supported by many experimental results that
the entrance shape of a circular pipe largely affects the transition Reynolds number and
that the flow between concentric double cylinders with the outer cylinder rotating
dominantly, categorified also in the third transition phenomenon, exhibit intermittency
due to the flow separation just as does the transitional flow in a circular pipe. Recognizing
the fact, it can be easily explained why the linear stability theory has not been able to
predict the transition in circular pipe flow, why the circular pipe flow actually transitions
even due to small disturbance, why the transitional flow actually exhibits intermittency,
and why numerical analysis has not been able to predict the intermittency of the
transitional flow in a circular pipe. The author’s insight and indication in the present
study has eliminated one of the biggest issues on transition flow that has been considered
unresolved in fluid dynamics. The present study has clarified that the entrance shape of
abruptly angular contraction types can makes the transition Reynolds number smaller as
much as possible to promote heat transfer, which is one of the most important tasks of

thermal fluid design in a High Temperature Gas-cooled Reactor.
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1. Introduction

The phenomenon in which flow transitions from laminar to turbulent flow is roughly
classified into three categories according to its transition mechanism 1. The first transition
phenomenon is observed in free shear flows with no solid boundary like jet, wake and
separated flow, and in flow between double cylinders where rotation of the inner cylinder
dominates that of the outer cylinder with sufficient length in the direction of the rotation
axis and annulus width smaller than the radius (hereinafter referred to as flow between
double cylinders with the inner cylinder rotating dominantly). These flows are unstable
against small disturbances. The transition begins with a process in which only the specific
disturbances grow among the energy spectrum of disturbances, and the disturbances
composed of periodic components increase due to nonlinear interference between the
disturbances and the mean flow. Then, these line spectra in the energy spectrum eventually
become continuous spectra due to an increase in coincidence caused by nonlinear
interference, turbulence is formed, and the transition is completed. This first transition
phenomenon progresses relatively slowly, so named as “transition by spectral evolution” by
Coles 2. For example, in flow between double cylinders with the inner cylinder rotating
dominantly, the transition reaches the final stage only after the angular velocity becomes ten
times the angular velocity at which Taylor vortex occurs !.

The second transition phenomenon 1is observed in flow between stationary
semi-infinitely large parallel flat plates (hereinafter referred to as flow between stationary
parallel flat plates) and in plate boundary layer flow. In these flows, the small disturbances
are amplified by the relatively weak instability due to viscosity, and instantaneously
unstable velocity distribution appears due to the nonlinear effect of the amplified
disturbances. Turbulent spots are generated due to the two-dimensional characteristics of
the velocity distribution and spread downstream, finally covering the entire flow passage,
and the transition is completed. Thus, the second transition phenomenon is characterized by
strong three-dimensionalization and abrupt rupture at the interface of the turbulent spots,
contrary to the slow progression of the first transition phenomenon, and reveals the
intermediate transition mechanism between the first transition phenomenon and the third
one to be described next 1.

The last third transition phenomenon is observed in flow inside a long and straight pipe
with a circular cross-section (hereinafter referred to as circular pipe flow) and in flow
between double cylinders where rotation of the outer cylinder dominates that of the inner
cylinder with sufficient length in the direction of the rotation axis and annulus width smaller
than the radius (hereinafter referred to as flow between double cylinders with the outer
cylinder rotating dominantly). Linear stability theory predicts that these flows are stable
against small disturbances at any Reynolds number. Nonetheless, these flows have been
observed to actually become turbulent. Observed at a spatially fixed point, these transitional

flows also exhibit the intermittency in that laminar and turbulent regions alternately appear,



JAEA-Technology 2019-010

and cause a catastrophic change at a thin interface between the laminar and turbulent
regions 1. Thus, the third transition phenomenon has been named as “catastrophic
transition” by Coles 2, contrary to the first slow “transition by spectral evolution”.

The main experimental studies to date on the circular pipe flow, which is the subject of
the present paper, are reviewed below. First, it was started with a systematic experiment by
Hagen 3 in 1855, and Reynolds 4 related the initiation of the transition to the Reynolds
number in 1883 and took up “the flow” as a research subject for the first time. Ekman 5 has
improved the experimental apparatus of Reynolds and succeeded in maintaining laminar
flow up to Reynolds number of 44,000 in circular pipe flow. Next, In the 1970s, Wygnanski et
al. 67 have investigated transitional flow in a circular pipe and presented the schematic
diagram showing the relationship between the disturbance level at the inlet; u’/uave and the
transition initiation and completion Reynolds numbers. Here, u” and uave are axial velocity
fluctuation and axial average velocity, respectively, and Reynolds numbers at which a
turbulent region begins to appear and at which all laminar regions disappear sufficiently
downstream are called the transition initiation Reynolds number and the transition
completion Reynolds number, respectively. It has been indicated in this schematic diagram
that the transition initiation Reynolds number hardly changes and is about 2,000 for u’/uave
greater than several percent, while the smaller u’/uave than about 0.4%, the higher the
transition initiation Reynolds number.

Schematic diagrams of transitional flow in a circular pipe and velocity signals on the x
axis downstream (x=L) of the circular pipe are shown in Fig.1 with the reference of the
experimental result of the author et al. 8 The abscissa of Fig.1 (b) and (c) is time and the
ordinate i1s u/uave on the axis of the circular pipe. Here, u is the axial velocity. As can be found
from Fig.1 (b) and (c), axial velocity fluctuation; u” is little observed in the velocity signal,
when the laminar region of the transitional flow passes through the observing point of x = LL
on the axis. Here, x and L are the axial distance and the distance to the observing point,
respectively. In the present paper, let’s call the region of x <0 as “entrance area” and the
position of x = 0 as “inlet”. The laminar region of the transitional flow has a parabolic radial
velocity distribution and the flow velocity on the axis is a value twice the axial average
velocity, such as with a fully developed laminar flow. On the other hand, velocity fluctuation
1s observed when the turbulent region passes through the observing point. The turbulent
region has the radial velocity distribution of plug type and the flow velocity on the axis is a
value about 1.3 times the axial average velocity, such as with a fully developed turbulent flow.
The turbulent regions due to large and small disturbances at the inlet are distinguished as
‘puff’ (See Fig.1 (b)) and ‘slug’ (See Fig.1 (c)), respectively. The author et al. 8 have reported in
the experiment on transition in circular pipe flow that the average length of the puff is 38
diameters under the condition of Re=2420, y=0.50, and that of the slug is 280 diameters
under the condition of Re=9460, y=0.50. Here, Re is the Reynolds number and y is an
intermittent factor defined as the time proportion occupied by the turbulent region. y=0 and

y=1 denote laminar flow and turbulent flow, respectively.
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Typical entrance components connected to a circular pipe are shown in Fig.2. Here, r, D,
W and ¢ are the radial distance, the inner diameter of a circular pipe, the flange diameter
and the angle formed between the flange surface and the x axis, respectively. One entrance
configuration used in experiments generally includes entrance shape, transition promotion
device and disturbance suppression device. Typical entrance shapes are an abruptly angular
contraction type like a flange type with the diameter of W as shown in Fig.2 (a) and (b), and
a gradually curved contraction type like a bellmouth type and a circle type as shown in Fig.2
() and (d), respectively. The angle; ¢ in Fig.2 (a) is ¢=90 degrees and in Fig.2 (b) 0
degree<p<90 degrees. The entrance shape is connected to a circular pipe at the inlet (x=0).
The transition promotion devices like orifice, disk and jet injection are equipped at the inlet
as shown in Fig.2 (e), (f) and (g), respectively. The disturbance suppression devices like
honeycomb and screen are equipped in the flow passage of the entrance area (x<0) as shown
in Fig.2 ().

Wygnanski et al. ¢ have reported that the transition initiation Reynolds number is
17,500 in the circular pipe connected to the circle and bellmouth entrance shapes with
sufficiently gradually curbed contraction type installed with honeycomb (hereinafter referred
to as No.l entrance configuration) to suppress disturbances at the inlet. On the basis of the
No.1 entrance configuration, the transition initiation Reynolds number has been reported to
reach 45,000 by use of screen added to further suppress the disturbances, and conversely, to
decrease down to 2,000 by use orifice or disk (hereinafter referred to as No.2 entrance
configuration) to artificially promote transition. Also, Wygnanski et al. 6 have reported that
in the No.l1 entrance configuration described above, the disturbance level; u’/uave at the
center and the 15 diameters downstream of the inlet (r=0 and x=15D) of the circular pipe
was 0.17% at Reynolds number of 10,000 and 0.16% at Reynolds number of 19,000 higher
than the transition initiation Reynolds number of 17,500, while in the No.2 entrance
configuration, the u’/uave was 7.8% at Reynolds number of 2,400. Thus, it is found that even
small disturbance at the inlet makes circular pipe flow transition and the transitional flow
exhibits intermittency.

Takeno et al. 9 have examined the influence of the entrance shape on the transition
Initiation Reynolds number and have reported that the transition initiation Reynolds
numbers are 2,100, 3,400 and 8,800 for the entrance shapes like Fig.2 (a), (b) and (d),
respectively. Their entrance shape of Fig.2 (b) was W=2D and ¢=55 degrees. Here, W is the
diameter of the flange (See Fig.2 (a)). Thus, it is understood that the transition Reynolds
number also greatly differs with varying entrance shapes in case of the same disturbance
level at the inlet. The author et al. 8 have presented in the experiment that in a circular pipe
with various entrance configurations, the pressure loss coefficient and the heat transfer
coefficient of the transitional flow could be calculated from those of laminar and turbulent
flows by using the intermittent factor; y. The author et al. 19 11 have reported in the
experiments that when gas flow in a circular pipe was heated up, it began to exhibit

intermittency similar to isothermal transitional flow with a certain heating rate and so it
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actually laminarized from turbulent flow. Further strongly heating, the gas flow has been
reported to completely become laminar flow from the signals of hot-wire anemometer at the
outlet even when the bulk Reynolds number at the outlet corresponds to turbulent flow. Here,
the bulk Reynolds number is the Reynolds number calculated from the physical properties at
the cross-sectional average temperature. Also, the numerical analysis using a two-equation
turbulence model has shown that this laminarization phenomenon would occur not only by
acceleration of flow due to gas expansion but also by suppression of disturbances due to
increase in viscosity in the vicinity of the inner surface of the circular pipe.

After those, a number of researchers have examined the turbulent structure of puff and
slug. For example, in 2008, Nishi et al. 12 have measured in detail how puff and slug develop
axially using the experimental apparatus that could freely control the transition Reynolds
number by installing a diaphragm at the inlet of circular pipes with nine different
pipe-lengths from 33.3 to 533.3 diameters. The relationship between Reynolds number and
the velocity of the leading and the trailing edges of turbulent region, independency of the
slug structure on the nature of disturbance, the minimum transition initiation Reynolds
number of 1,940 and so on have been reported. In 2011, Avila et al. 13 have proposed the
definition of the critical value at which the subcritical transition, which will be described
later, occurs in so-called the base flow which is linearly stable in a circular pipe, and have
reported that the Reynolds number is 2,040 + 10 at which the mean splitting time of puff and
the mean lifetime until turbulence decays become equal. They have concluded that their
approach to determine the onset and sustainment of turbulence should be equally applicable
even though details of mechanisms in free shear flows may differ from case to case.

On the other hand, in the linear stability theory, it has been reported that circular pipe
flow is predicted to be stable at any Reynolds number against the axisymmetric small
disturbances by Sexl 14 in 1927, Corcos et al. 15, Gill 16, Davey et al. 17 and also against the
nonaxisymmetric small disturbances by Lessen et al. 18, Salwen et al. 19, Grag et al. 20 and
Salwen et al. 2. Then, Tatsumi 22 in 1952, Huang et al. 23, Sarpkaya 24 and Grag 25 have
considered that the circular pipe flow transitions because it would become unstable against
disturbances with finite amplitude (hereinafter referred to as finite amplitude disturbance),
and investigated the instability of small disturbances due to underdevelopment of the
developing flow in the upstream as a cause producing the finite amplitude disturbances. As a
result, although the critical Reynolds number surely exists, its value is extremely high, not
the low transition Reynolds number as experimentally measured. Thus, in the bifurcation
problem of the solution in the Navier-Stokes nonlinear differential equations called the
supercritical transition problem, linear theory and weakly nonlinear theory couldn’t find the
critical point (also called as bifurcation point) at which transition is triggered. Therefore,
instability of laminar flow due to finite amplitude disturbance has been investigated.
However, Itoh 26 in 1977 and Patera et al. 27 have reported that circular pipe flow is stable
against the axisymmetric finite amplitude disturbances, and Orszag et al. 28 has confirmed

that also in the time-dependent secondary instability of the axisymmetric finite amplitude
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disturbance, although three dimensional disturbances have showed strong exponential
amplification, those are blocked by strong decay of the axisymmetric finite amplitude
disturbances. In addition, nonlinear effect of nonaxisymmetric small non-normal disturbance
has been investigated, but it has been reported that the nonlinear effect works to suppress
amplification of disturbances in the case that the axial wave number is not zero by
O’Sullivan et al. 29 and in the other case that the axial wave number is zero by Bergstrom 39,

Under such circumstances, Nagata 3! has reported in 1990 that in numerical analysis,
exact three-dimensional steady-state solution of Navier-Stokes equations exists except for
the well known laminar flow solution of linear velocity distribution in flow between parallel
flat plates in which one of them moves at a constant speed (hereinafter referred to as flow
between one-side driven parallel flat plates). He has reported that the solution exists many,
each bifurcating at a certain Reynolds number, and the solution on each bifurcation line
reveals a velocity distribution close to that of turbulence in which steady longitudinal
vortices exist and momentum exchange occurs due to not only shear but also vortices. These
solutions are interesting in that they indicate not only that laminar flow solution of
Navier-Stokes equations is not unique but also that there is a pseudo turbulent flow
including vortex tubes between laminar and turbulent flows. With the discovery of nonlinear
steady-state solutions in flow between one-side driven parallel flat plates by Nagata 31 and
Dauchot et al. 32 as an initiator, the interest of researchers has shifted to so-called subcritical
transition problem, which is an essentially nonlinear problem caused by finite amplitude
disturbance exceeding about 1% in laminar flow such as flow between stationary parallel flat
plates far away from the critical point and in linearly stable flow with no critical point such
as flow between one-side driven parallel flat plates, square duct flow and circular pipe flow.

In 2000, also in circular pipe flow, more than twenty nonlinear three-dimensional
steady-state traveling wave solutions have been discovered by Faisst et al. 33, Wedin et al. 34
and Pringle et al. 35 36, Against small disturbances, the transition phenomenon until
completion of the transition experiences through a three-dimensionally destabilizing process
at the stage that the Tollmien-Schlichting wave of two-dimensional disturbance propagates
downstream. While, in circular pipe flow artificially given finite amplitude disturbances
exceeding about 1%, turbulence structure during generation, growth and decay have been
reported in the so-called bypass transition, that is, the transition not experiencing through
the process of generation and growth of the Tollmien-Schlichting wave. Schneider et al. 37
have reported that unstable direction of steady-state traveling wave solution exists two or
more and the flow behavior becomes chaos in the bypass transition where turbulent spots
spatially grow while generating the streak structure and quasi-longitudinal vortex structure
chain-wise.

In 2011, Mullin 38 has reviewed studies on circular pipe flow so far that “Linear
stability of Hagen Poiseuille flow has yet to be proved, but all theoretical and numerical
works indicate that this is the case and all experimental evidence supports linear stability;

1.e., there is no definite critical Reynolds number for the onset of turbulence.”.
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In parallel with the above-mentioned studies aiming to theoretically elucidate the
transition phenomenon, in accordance with the remarkable evolution of the computer,
attempts have begun to directly predict the transition to turbulence by direct numerical
simulation (hereinafter abbreviated as DNS) without any turbulence model. For example, in
1999, Shan et al. 39 have artificially created intermittency by temporally changing the
disturbance at the inlet and examined the structure of puff and slug. They have reported
that the results of the DNS on the velocity of leading and trailing edges of puff and slug, and
the puff and slug structures, the recirculation pattern observed at the leading and trailing
edges and so on agree well with the experimental results obtained thus far. The
above-mentioned bypass transition doesn’t homogeneously occur, but temporally and
spatially localized turbulence exhibits a non-equilibrium critical phenomenon, and the length
scale of the chaotic behavior is about the length of the puff / slug measured in experiments.
Therefore, it is required to simulate the flow in the large area, not the so-called minimal flow,
which is flow in the small periodic box proposed by Jimenez et al. 40 In response to this
situation, studies of large-scale DNS have been already started on subcritical transition
problems such as flow between one-side driven parallel flat plates, square duct flow and
circular pipe flow. In 2015, Wu et al. 41 have given the finite amplitude disturbance at the
inlet of the circular pipe with 125 diameters length and have performed DNS on the
transitional flow. They have investigated the growth rate of the disturbance energy and the
development of the vortex structure in the axial direction, and have reported that the energy
norm grows exponentially rather than algebraically with the inlet disturbance given, and
then the localized disturbance causes a gradual transition, finally the flow becomes the fully
developed turbulent flow. And, they have suggested that “Some of the previously attributed
abruptness and the mysteriousness are perhaps due to the inability to study the process
accurately with very fine spatial and temporal resolution”.

On the other hand, the intermittency in transitional flow 1is also called
“turbulent-laminar pattern” or “turbulence stripe” in various papers on the transition.
Existence of the intermittency in transitional flow has been confirmed, beginning with
circular pipe flow, then in flow between double cylinders with the outer cylinder rotating
dominantly, to flow between one-side driven parallel flat plates, flow between stationary
parallel flat plates, flow between parallel circular disks and so on. With the progress of
research on the subcritical transition in recent years, in 2010, Tsukahara et al. 42 has
performed DNS of a large scale computation area in flow between stationary parallel flat
plates, and has predicted the turbulent-laminar pattern (intermittency) in subcritical
transitional flow due to finite amplitude disturbance. However, in a circular pipe, the
intermittency of the transitional flow due to finite amplitude disturbance has not yet been
predicted by DNS. It is an important fact that the transitional flow actually exhibits
intermittency even due to small disturbance at the inlet as reported by Wygnanski et al. 6,
and the fact should not to be overlooked.

Thus, the universal understanding has not yet been attained concerning the
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elementary process or essence of transition phenomenon common to flows of which the basic
flow is linearly stable such as flow between single-side driven parallel flat plates, square duct
flow and circular pipe flow. In 2016, studies on the universality of such a transition
phenomenon have been performed in flow between stationary parallel flat plates by M. Sano
et al. 43 and in flow between one-side driven parallel flat plates by G. Lemoult et al. 44 Their
experimental and numerical analyses have concluded that the flow transition phenomenon
belongs to universality class which is identified in the phase transition phenomenon called
directed percolation phenomenon similar to propagation phenomena of disease, forest fire
and intracellular calcium because the critical exponents obtained in each flow of their
experiments agree with the universal critical exponents of the directed percolation
phenomenon. It has been made clear that the directed percolation phenomenon, which is said
to be typical of phase transition in non-equilibrium systems, forms the universality class
because various mathematical models have the same critical exponents as the directed
percolation phenomenon. In the directed percolation phenomenon, when the propagation
probability (the critical exponent) exceeds a certain value, the active state embedded among
the inactive states starts to propagate without disappearing, and finally all the inactive
states transition to the active state. The inactive state doesn’t naturally transition to the
active state. Speaking of the transitional flow, linearly stable laminar flow that doesn’t
naturally transition to turbulence corresponds to the inactive state, and turbulent flow
corresponds to the active state. The studies done by M. Sano et al. 43 and G. Lemoult et al. 44
have revealed that the completion of transition to turbulence could be represented by the
critical exponents of the directed percolation phenomenon and that the flow transition
phenomenon could be also explained as a phase transition phenomenon in universal
non-equilibrium systems. However, these studies have not mentioned anything as to why
turbulence (active state) began to appear in the flow, although those have clarified in what
kind of state the flow becomes turbulent.

In circular pipe flow, D. Barcley 45 has presented in 2016 following above the studies
that all stages of the transition process from transient turbulence to final fully developed turbulent
flow can be understood from relatively few physical features and two-variable model. Also, he has
concluded that the essential coupling between turbulence and the mean shear in the transitional flow
is missed in the mapping onto the problem of coexisting phases, that the near-perfect analogy is
instead excitable and bistable media, and that the process in the route to turbulence in circular pipe
flow is fundamentally a transition from excitability to bistability. But, his study did not answer the
questions why circular pipe flow actually transitions even due to small disturbance and why
the transitional flow actually exhibits intermittency.

It is being considered that the linearly stable flow transitions from laminar flow
because of its instability against finite amplitude disturbances. However, as reported by
Wygnanski et al. ¢ , small disturbance at the inlet makes circular pipe flow transition, and
the transitional flow exhibits intermittency. Thus, there still remain the issues of “Why does

circular pipe flow actually transition from the linearly stable laminar flow, even due to small
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disturbances not finite amplitude disturbances? And, why does the transitional flow exhibit
intermittency?” Therefore, the author indicates for the first time the fact that nobody has

ever noticed and recognized and that can resolve these issues.

2. Flow separation causing transition and intermittency in circular pipe flow

In circular pipe flow, as described in the previous chapter, the following two issues are
among the major challenges that have yet to be resolved in fluid dynamics.

Issue 1: First, let’s take up a circular pipe connected to the entrance shape of a sufficiently
gradually curved contraction type with disturbance suppression devices like
honeycomb and screen (See Fig.3 (b) described later). The disturbances at the inlet of
this circular pipe are sufficiently suppressed with disturbance suppression devices, at
least are not intentionally produced. In general, it has been considered that the
transition in linearly stable flow in a circular pipe is caused by instability against
finite amplitude disturbances. However, as pointed out at the end of the previous
chapter, it has not yet been clarified how the finite amplitude disturbances are
actually produced in various entrance shapes and why the linearly stable flow
actually transitions from laminar flow due to small disturbance at the inlet. Thus, it
is not yet theoretically clarified why the flow actually transitions from the laminar
flow even due to small disturbance at the inlet.

Issue 2: Transitional flow in a circular pipe exhibits the intermittency in that laminar region
and turbulent region occupying the entire cross-section of the circular pipe alternately
pass through at the fixed observation points downstream. In recent years, the
intermittency observed in subcritical transition caused by finite amplitude
disturbance was predicted by using DNS in a large scale computation area in flow
between stationary parallel flat plates. However, due to small disturbance at the inlet,
transitional flow in a circular pipe actually exhibits intermittency as reported by
Wygnanski et al. 6 Thus, it is not yet theoretically elucidated why the transitional flow
in the circular pipe also actually exhibits intermittency even due to small disturbance
at the inlet.

2.1 The factual recognition resolving two issues

In order to resolve the above two issues at the same time, the author indicates for the
first time the fact that nobody has ever noticed and recognized. This fact is “Flow in a
circular pipe transitions from laminar flow because of the vortices released from separation
bubble forming in the vicinity of the inlet of the pipe, and the transitional flow becomes

Intermittent because the vortex-shedding is intermittent”.
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2.1.1 Answer for Issue 1

The circular pipe flow actually transitions from laminar flow due to disturbance of
vortices released from the separation bubble forming in the vicinity of the inlet of the pipe
when the Reynolds number exceeds a certain value. Flow in a circular pipe always separates
in the vicinity of the inlet with a certain Reynolds number, regardless of any entrance shape
shown as Fig.2 (a) to (d). Therefore, circular pipe flow transitions, even though it is linearly
stable. This flow separation at the inlet of a circular pipe is a well-known phenomenon that
anyone notices and recognizes, if it is pointed out.

The transition in circular pipe flow could not be predicted in the linear stability theory
so far because separation in the vicinity of the inlet has not been considered in the linear
stability theory. And in the experiments up to now, circular pipe flow has necessarily
transitioned from laminar to turbulent flow because one could not manufacture any entrance
shape such that the flow doesn’t separate in the vicinity of the inlet. If the entrance shape
which doesn’t cause any separation even at high Reynolds numbers could be manufactured,
the circular pipe flow would remain laminar at any Reynolds number against small

disturbances, just as the linear stability theory predicts.

2.1.2 Answer for Issue 2

The transitional flow in a circular pipe actually exhibits the intermittency, in which the
laminar region and the turbulent region are alternately observed, because the
vortex-shedding from the separation bubble intermittently occurs within a certain range of
Reynolds numbers. Further increasing the Reynolds number, the vortex-shedding becomes
continuous, consequently the laminar region disappears from the flow, that is, the transition
to the turbulent flow is completed. Transitional flow in a circular pipe actually exhibits
intermittency not due to finite amplitude disturbance but even due to small disturbance at
the inlet because separation necessarily occurs in the vicinity of the inlet even for entrance
shape of any sufficiently gradually curbed contraction type installed disturbance suppression
devices.

The intermittency observed in the transitional flow in a circular pipe could not be
predicted in numerical simulations so far because the entrance area (x<0) of the circular pipe
was not included in the numerical computation area. In the numerical simulations performed
so far, flow velocity distribution of the fully developed laminar or turbulent flow, or uniform
flow velocity distribution is given at the inlet (x=0) of the circular pipe, and the separation

caused by the entrance shape has not been taken into consideration.

2.2  Support of the present factual recognition
Some experimental results obtained earlier which support the present factual

recognition are listed in the following.
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2.2.1 Experimental result on that the entrance shape of a circular pipe largely affects the
transition Reynolds number

It is well known that the disturbance level at the inlet greatly affects the transition
initiation / completion Reynolds number in circular pipe flow under the same entrance shape.
On the other hand, it is also clear that the difference in entrance shape greatly affects the
transition Reynolds number under the same disturbance level. For example, as mentioned in
the previous section, Takeno et al. ® have examined the influence of the entrance shape on
the transition initiation Reynolds number. They have reported that the transition initiation
Reynolds numbers are 2,100 for the entrance shape like Fig.2 (a), 3,400 for like Fig.2 (b) and
8,800 for like Fig.2 (d). Thus, the entrance shape of more abruptly angular contraction type
makes the transition Reynolds number decrease, and conversely the entrance shape more
gradually curved contraction type makes it increase. Concerning the influence of the
diameter W of the flange (See Fig. 2 (a)), transition initiation Reynolds numbers were 1,990
and 2,800 for W=6.2D and W=1.5D, respectively, from the experimental results by the author
et al. 89, and it is found that smaller W leads to larger transition initiation Reynolds number.
It is obvious that the transition Reynolds number largely varies depending on the entrance
shape including the size of W.

Well, why does the difference in entrance shape of a circular pipe largely affect the
transition Reynolds number? The answer is because Reynolds number at which the vortices
are released from separation bubble forming in the vicinity of the inlet of the pipe differs
depending on the entrance shape. Namely, the entrance shape determines the Reynolds
number at which the vortex-shedding from separation bubble begins. The smaller value of ¢
in the range of <90 degrees in the entrance shape of angularly abrupt contraction type (see
Fig.2 (c)), and the more gradual entrance shape of curved contraction type, the later the
separation occurs, therefore the Reynolds number, at which the vortex-shedding from the
separation bubble begins to occur, becomes higher. As a result, the transition initiation
Reynolds number also increases. Thus, this is one of firm supports of the present fact
recognition that flow separation causes transition and intermittency in circular pipe flow.

Circular pipe flow is linearly stable against small disturbances at the inlet as reviewed
by Mullin 38, According to theoretical analyzes 33-36, finite amplitude disturbance given at the
inlet of a circular pipe causes the bypass transition in linearly stable flow. Let’s consider the
finite amplitude disturbance in the entrance configuration with entrance shape of gradually
curved contraction type and disturbance suppression devices. In this entrance configuration,
with a small Reynolds number, the disturbances at the inlet will remain small in the range of
small Reynolds numbers. Then, how do the small disturbances at the inlet grow into finite
amplitude disturbances and reach the critical finite amplitude disturbance that makes the
circular pipe flow transition? One may answer “As the Reynolds number is increased, the
disturbances at the inlet also become larger and larger, eventually reach the critical finite
amplitude disturbance”.

Here, let’s consider two entrance configurations with entrance shapes of flange type and
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bellmouth type as shown in Fig.3 (a) and (b), respectively. The disturbances at the inlet (x=0)
are sufficiently suppressed by honeycomb and screen. Referring to the results of many
previous experiments, let the transition initiation Reynolds numbers for the entrance shapes
of flange and bellmouth types be roughly 2,000 and 10,000 respectively. A fact that the
circular pipe flow transitions at the Reynolds number of 2,000 for the entrance shape of
flange type as shown in Fig.3 (a) means that disturbances at the inlet reaches the critical
finite amplitude disturbance at the Reynolds number of 2,000. Therefore, even if the
entrance shape of bellmouth type as shown in Fig.3 (b) is installed instead of the flange type,
disturbances at the inlet should reach the critical finite amplitude disturbance with the same
Reynolds number of 2,000, as that for the entrance shape of flange type. However, in the
entrance shape of bellmouth type, the disturbances at the inlet have not yet reached the
critical finite amplitude disturbances even at the Reynolds number of 2,000 because its
transition initiation Reynolds number is 10,000. Thus, contradiction arises assuming that
the circular pipe flow transitions due to the presence of the finite amplitude disturbance at
the inlet. The present factual recognition on occurrence of flow separation can explain that
circular pipe flow transitions at the Reynolds number of 2,000 for the entrance shape of
flange type and 10,000 for bellmouth type, even if small disturbance doesn’t reach the critical
finite amplitude disturbance at the inlet.

The difference in entrance shape might be quantitatively expressed by the Vsp/uave of
the radial flow velocity at the separation point normalized by axial average velocity. Here,
Vsp is a radial flow velocity at the separation point. In order to analyze the influence of the
entrance shape in the numerical simulation in the future, it is conceivable to include the
whole entrance shape in the numerical computation area or simply to give the radial flow

velocity Vsp at the inlet of the circular pipe.

2.2.2 Experimental results on that the puff appears even by using the transition promotion
device

It is well known that even if disturbances at the inlet are suppressed by disturbance
suppression devices like honeycomb and screen, the turbulent region of the transitional flow
in the circular pipe becomes puff due to the entrance shape as shown in Fig.3 (a). On the
other hand, in the entrance configuration of a gradually curved contraction shape with
disturbance suppression devices as shown in Fig.3 (b) where the transition initiation
Reynolds number exceeds 10,000 such as the experiments by Wygnanski et al. 6 and Nishi et
al. 12, additionally installed transition promotion device such as orifice or disk as shown in
Fig.2 (e) or (f) makes the transition initiation Reynolds number decrease down to around
2,000, and the turbulent region in the transitional flow also becomes puff.

Why not only in the entrance shape of abruptly angular contraction type but also in the
entrance shape of gradually curbed contraction type with transition promotion device does
the turbulent region of the transitional flow become puff?

With reference to numerous experiments so far, the main methods to make puff appear
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in a circular pipe at Reynolds number as low as 2,000 are listed below.
Method 1: A method using the entrance shape of the abruptly angular contraction type
with large flange diameter as shown in Fig.2 (a).
Method 2: A method injecting jet from the pipe wall into the circular pipe flow as shown in
Fig.2 (g).
Method 3: A method placing orifice or disk at the inlet as a transition promotion device as
shown in Fig.2 (e) or Fig.2 (), respectively.
Method 4: A method making the inner surface of the circular pipe rough.
The three basic shapes that cause separation observed in free shear flow are shown in Fig.4
(a), (b) and (c). The abruptly angular contraction type of Method 1 corresponds to the basic
shape shown in Fig.4 (a). The jet injection of Method 2 makes separation occur, therefore
corresponds to the basic shape shown in Fig.4 (a) as in Method 1. The orifice or disk of
Method 3 corresponds to the shape as shown in Fig.4 (a)+(b) combining two basic shapes of
Fig.4 (a) and (b). The orifice or the disk is the above combined shape placed on the inner wall
surface or in the flow passage of the circular pipe, respectively. The flow separates on a rough
surface manufactured by, for example, fine wires arranged so as to be orthogonal to the flow,
and the disturbances are remarkably amplified by the unstable velocity distribution having
an inflection point in the separation bubble, then the flow transitions. Klebanoff et al. 46 has
reported that the separation caused by two-dimensional roughness is the main mechanism
which promotes the transition. This suggests that the rough surface of Method 4 may be
regarded as a miniaturized shape of the orifice of Method 3 and corresponds to the combined
shape of Fig.4 (a)+(b). As described above, any Method 1 to 4 which makes puff appear in a
circular pipe at Reynolds number as low as 2,000 causes separation corresponding to Fig.4
(a) or Fig.4 (a)+(b). Therefore, the turbulent region of the transition flow becomes puff due to
transition promotion device installed in the inlet of the circular pipe with the entrance shape
of gradually curved contraction type because vortex-shedding from separation bubble is
caused at low Reynolds number of about 2,000, in the same way as in the entrance shape of
abruptly angular contraction type, the jet injection and the roughness of the inner wall
surface. As described above, the present factual recognition also can explain that the
transitional flow in the circular pipe with the transition promotion device of not only Method
3 but also Methods 2 and 4 becomes puff. It should be verified in the future that the
turbulent region might become slug for the entrance shape with the convex surface and the
non-fixed separation point as shown in Fig.4 (c). Also in the transition of the other flows,
separation at the inlet should be noted.

Conversely, it 1s highly likely that the reverse methods of Methods 1 and 2 don’t make
the flow in the circular pipe transition. It is conceivable as a reverse method of Method 1 to
let @ and the wall thickness at x=0 of a circular pipe be as close as possible to 180 degrees
and to zero, respectively, as shown in Fig.2 (j). It is conceivable as a reverse method of
Method 2 to provide suction ports at the inlet as shown in Fig.2 (h) to suck the separation

bubble or the disturbance therein. In fact, the transition initiation Reynolds number of
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100,000 in the suction experiment has been reported by Pfenninger 47.

The basic shape of Fig.4 (a) like an entrance shape of abruptly angular contraction type
and jet injection has a separation point S fixed at the corner of the inlet (x=0). The basic
shape of Fig.4 (b) also has a fixed separation point S and has a reverse flow region observed
in wake. On the other hand, the basic shape of Fig.4 (c¢) has a separation point S that would
move according to the Reynolds number and the curvature of the entrance shape. Due to
these differences in the basic shape, it is likely that some difference in characteristics
appears in the transitional flow of a circular pipe, other than the difference in transition
Reynolds number. Hof et al. 48 has reported in the jet injection experiment corresponding to
the basic shape of Fig.4 (a) that the disturbance intensity was proportional to the minus first
power of the transition initiation Reynolds number. On the other hand, Nishi et al. 12 have
reported in the experiment using the orifice corresponding to the basic shape of Fig.4 (a)+(b)
that the dimensionless disturbance intensity was proportional to the minus 0.5 power of the

transition initiation Reynolds number.

2.2.3 Experimental results on that flow between double cylinders with the outer cylinder
rotating dominantly also exhibits intermittency

It has been reported by Coles 2 that the flow between double cylinders with the outer
cylinder rotating dominantly, which is classified into the third transition phenomenon,
actually transitions to turbulence as the angular velocity becomes larger, although it is also
linearly stable against small disturbances. In the transitional flow, the structure, in which
the laminar flow region and the turbulent region are adjacent to each other through an
interface therebetween, is observed, and the interface is propagated at an angular velocity
somewhat smaller than that of the outer cylinder. Observing at a spatially fixed point shows
that the laminar region and the turbulent region appear intermittently. In flow between
double cylinders with the outer cylinder rotating dominantly, separation occurs on the convex
outer surface of the inner cylinder as shown in Fig.4 (c) which is a shear boundary surface,
although in flow between double cylinders with the inner cylinder rotating dominantly,
separation doesn’t occur in the concave inner surface of the outer cylinder which is a shear
boundary surface. Therefore, the flow between double cylinders with the inner cylinder
rotating dominantly is classified not into the third transition phenomenon but into the first
transition phenomenon. Thus, the flows both in the circular pipe and between double
cylinders with the outer cylinder rotating dominantly have the shape of flow passage
necessary to trigger separation. Therefore, according the present factual recognition, it can
be explained that both the transitional flows, which are classified into the third transition
phenomenon, exhibit the intermittency because the vortex-shedding from separation bubble

1s intermittent.

2.2.4 Intermittency frequency

It has been reported in the experiment 8 on transitional flow in a circular pipe that the
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intermittency frequency of the transitional flow, that is, the vortex-shedding frequency F was
F=1.23 at y=0.50 and Re = 2420. Let us estimate the vortex-shedding frequency of circular
pipe flow according to that the vortex-shedding frequency is expressed by the equation of
F=0.6U./L in separation flow at leading edge of a thick flat plate 4°. Here, U and L are the
average flow velocity and the separation bubble length in the leading edge separation flow of
a thick flat plate, respectively. It has been reported that L. becomes a constant length of about
10H in separation flow at leading edge of a thick flat plate even if Reynolds number
increases 5 and that turbulent regions in circular pipe transitional flow localized gradually
downstream about 60 diameters from the inlet of the circular pipe and were formed 5. Here,
H is a thickness of a thick flat plate. From these experimental results, Uw=uave and L=60d
are assumed in circular pipe flow. The vortex-shedding frequency F in circular pipe
transitional flow is F=0.6uave/60d, and can be expressed as F=0.01vRe/d? using Reynolds
number. Substituting the experimental values ;Re=2,420, d=1.94X10"2 m and v=1.54X10-5
m2/s in the above the experiment 8 on transitional flow in a circular pipe into this equation of
F, F=1.01 is estimated. Here, v is kinematic viscosity. Thus, it is found that the intermittency
frequency of the transition flow in a circular pipe, that is, the estimated vortex-shedding
frequency of F=1.01 is not significantly different from the vortex-shedding frequency F=1.23
obtained in the experiment. Also from this, it is clear that flow separation causes circular

pipe flow to transition.

3. Conclusion

It has not been theoretically predicted until now that the circular pipe flow actually
transitions from laminar to turbulent flow under the entrance configuration with sufficiently
gradually curbed contraction shape and with disturbance suppression devices.

Also, it has not been predicted in theoretical or numerical analysis that the transitional
flow exhibits the intermittency in that laminar and turbulent regions occupy the entire cross
section of the circular pipe and alternately pass through. Concerning these two outstanding
issues in fluid dynamics, the author indicated for the first time the fact that nobody has ever
noticed and recognized. This fact is “Flow in a circular pipe transitions from laminar flow
because of the vortices released from separation bubble forming in the vicinity of the inlet of
the pipe, and the transitional flow becomes intermittent because the vortex-shedding is
Intermittent”.

The present fact is supported by many experimental results on the following three
facts.

(1) The difference in entrance shape greatly affects the transition initiation Reynolds
number because the Reynolds number, at which the vortex-shedding from the separation
bubble forming in the vicinity of the inlet begins, varies with the entrance shape, namely
the transition initiation Reynolds number varies.

(2) The transitional flow in a circular pipe becomes puff not only by the entrance shape of an
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abruptly angular contraction type but also by such a transition promoting device as
orifice or disk placed at the inlet of a circular pipe connected to an entrance shape of
gradually curbed contraction type, because the separation is caused at Reynolds number
as low as 2,000 by the transition promotion device just as in the case of the abruptly
angular contraction type.

(3) The transitional flow between double cylinders with the outer cylinder rotating

dominantly classified into the third transition phenomenon exhibits intermittency, as in
a circular pipe flow, because separation occurs on the convex outer surface of the inner
cylinder which is a shear boundary surface.
According to the present factual recognition, it has become possible to explain the
following four issues unresolved until now.

* The transition in circular pipe flow has not been predicted with the linear stability theory
because separation in the vicinity of the inlet has not been considered in the theory.

* In the experiments up to now, circular pipe flow has apparently transitioned from laminar
to turbulent flow because one could not manufacture any entrance shape such that the
flow doesn’t separate in the vicinity of the inlet. If an entrance shape that doesn’t cause
separation at any high Reynolds number could be manufactured, the circular pipe flow
would remain laminar at any Reynolds number as the linear stability theory predicts.

* Transitional flow in a circular pipe exhibits intermittency not due to finite amplitude
disturbance but even due to small disturbance at the inlet because separation necessarily
occurs in the vicinity of the inlet even for entrance shape of any sufficiently gradually
curbed contraction type installed disturbance suppression devices.

* Numerical simulations have to date failed to observe the intermittency in the transitional
flow in a circular pipe because the entrance area (x<0) has not been included in the
numerical computation area. In the numerical analysis, velocity distribution of developed
laminar / turbulent flow or uniform velocity distribution has always been given as input
condition at the inlet (x=0). Consequently, the separation due to the effect of an entrance

shape has been ignored.

The author has just clarified that the transition phenomenon in circular pipe flow and
flow between double cylinders with the outer cylinder rotating dominantly, which have been
classified into the third category, is caused by flow separation. The present author’s insight
and indication has eliminated one of the biggest issues on transition flow that has been
considered unresolved in fluid dynamics. In circular pipe flow and flow between double
cylinders with the outer cylinder rotating dominantly, if it is possible not to cause flow
separation, the both flows remain laminar even though Reynolds number increases, as
predicted by the linear stability theory. The flows transition even if small disturbance only
exists because the vortices released from separation bubble create finite amplitude
disturbance. Recent DNS studies have shown that finite disturbance at the inlet of a circular

pipe causes transition in linear stable flow. Also, recent theoretical studies have shown that
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transition phenomenon in circular pipe flow could be also predicted as a phase transition
phenomenon called directed percolation phenomenon in universal non-equilibrium systems.
In the directed percolation phenomenon, when the propagation probability (the critical
exponent) exceeds a certain value, the active state embedded among the inactive states
starts to propagate without disappearing, and finally all the inactive states transition to the
active state. The inactive state doesn’t naturally transition to the active state. Speaking
about the transitional flow, finite amplitude disturbance exceeding a certain value makes
linearly stable laminar flow (corresponding to ‘inactive state’), which doesn’t naturally

transition to turbulence, transition to turbulent flow (corresponding to the active state).

Until now, many researchers have examined the process of decay and growth of
intermittent puffs and slugs along the axial direction of the circular pipe. This is so
important. On the other hand, the present study raises a new point of view that the
intermittency of the puffs and slugs of transitional flow or the continuity of the final fully
developed turbulence is greatly influenced by the intermittency or the continuity of
vortex-shedding from separation bubble at the inlet of the circular pipe. Namely, the point of
view is that the characteristics of vortex, vortex-shedding and so on from separation bubble
at the inlet should be taken into consideration for transitional flow in a circular pipe,

especially for practical use.

The present study has clarified that the entrance shape of abruptly angular contraction
types like a flange type with W enough bigger than D as shown in Fig.2 (a) can make the
transition initiation Reynolds number smaller as much as possible to promote heat transfer,
which is one of the most important tasks of thermal fluid design in a High Temperature

Gas-cooled Reactor.
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(a) Flow Observing point on the axis —
T@—‘W QW -------- == Wzg W:n-»
Inlet; x=0 X "Jyrbulent Laminar region x=L
region
u (b)  Turbulent (c) Turbulent
- region Laminar region Laminar
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Time Time

Fig.1 Schematic diagrams. Transitional flow in a circular pipe exhibits intermittency as
shown in (a). Turbulent regions called (b) puff and (c) slug are intermittently observed at
x=L in velocity signals on the axis. Here, x, u and uave are the axial distance, axial velocity

on the axis and axial average velocity, respectively.
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Fig.2 Various components of entrance configuration of circular pipe. Here, x, r, D, W and

@ are the axial distance, the radial distance, the inner diameter of a circular pipe, the
flange diameter and the angle formed between the flange surface and the x axis,
respectively. Abruptly angular contraction types are (a) flange with =90 and (b) flange
with 0<@<90, gradually curved contraction types (c) bellmouth and (d) circle, transition
promotion devices (e) orifice, (f) disk and (g) jet injection, disturbance suppression devices
(h) suction and (i) honeycomb (left) and screen (right) and ideal shape with no separation
() no contraction with =180 (W=D) at x=0.
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(a) Honeycomb Screen I
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Fig.3 Two entrance configurations with entrance shapes of (a) flange type and (b)
bellmouth type. Disturbances at the inlet (x=0) are sufficiently suppressed by honeycomb
and screen. No transition promotion device is installed. Does small disturbance at the

inlet grow up to the critical finite amplitude disturbance as Reynolds number increases?

// —paOrifice
(@  (a)+(b) (b)

Fig.4 Typical basic shapes causing flow separation in free shear flow. Region of reverse

flow is observed in separation bubble denoted by dotted line. The shape combining basic
shapes of (a) and (b) forms orifice or disk. Here, S and R are separation and reattachment

points, respectively.

,22,



EBREAL R (SI)

# 1. ST FEAHL F 2. FARHAL A FV TR S5 SIS BT O ] # 5. SI BEuzE
R T = P SIFHSTERfT T | 4% | s | m& | 4w | s
i T = ﬁ% ol 0 2 2 Y | 0 |7 ] a
E &[x =+ A m L BFHA— b m 102 [ | z 102 |& v F ¢
o - o % B|SL G A — R v mi P a lls .
21 BlF¥n s T L kg WX, E E|A— M AER -~ 10% |= 7 #| E 10. N Ul m
53 ] i s o H JE| A — N AR R m/s? 10% |2 %l P 108 |=A2znm|[ u
H w7 =7 A i | A — b o 102 |5 sl T 10° |+ A .
BAEEE s L E | K O, WRE EYesIAEIA— MY | kg/m® 100 [¥ # ¢ [w02|g = p
W OE EE 2| mol WO E EFRZTARELA—-MV | kegim® 108 [#  # M | 108 |7=ar| ¢
* gy v 7 5| od K * Ml A= rrfExr s 70 | mikeg wlx = x |welr 1 a
EOWR B ETUTEEFA-NV | A/m? 102 |~27 K n 102 |2 7 1| 2
e R o W S|TUTEA— L A/m 0 |= s 0% |2 2 ¢
BB E @, 9 EAETA— R mol/m® 2 z
B R’ E[xerssamilii—ba | kgm®
i BE|h o F 5 mEHA— v | cd/m? ) . "
B = O &FEo) 1 1 #6. SUCES 7223, STEPFH & 5 Hifr
% B ok ® GFEo) 1 1 5B o SI Hifizic L % i
(a) i (amount concentration) (ERFRFRALAED 5 CTIIETHEEE b min |1 min=60 s
(substance concentration) & & Lifh 5, — P
(b) 2 SElitd B VHYGE 1 & bR Tl B8, 20T & B b [1h =60 min=3600 s
B THHEFO 1 ILEFITRE LR, H d |1 d=24 h=86 400 s
. . B °  |1°=(#/180) rad
%3, [FHOAH L B TR SN DS N I
SI FHSZ AL 43 1’=(1/60)°=(=/10 800) rad
HANZ L o o | MOSTEALIC K5 [ STEABLIC X 5 i ? |17=(1/60)=(=/648 000) rad
' e #LK #L) ~J B ha |1 ha=1 hm?=10*m?
¥ i 2 797 ® | rad o wm Uy b | L 11171151 dmP=10%em?=10"m’
b AT ZIT sr¢ 1 m“/m L —103
= % =Nt s o ko t |1t=10°kg
Val —a—hv N m kg s
E A, s Hszan Pa N/m? m’kgs® ) y X ”
T RAF =, A, BB J Nm mPkg 5 £7. SICBERVAS, ST A SAS HIC, STHALT
HE®, TR, ks r W Ils mkg s RENDBEHPEBHI/EOND L O
1 5 & Blr—ny C SA Eis S ST Hifr TH S5 Hil
EhrE (|IE) , & & AR R v WI/A m’kg s3AT # o A L B eV |1eV=1.602 176 53(14)x10'%J
ﬁ% = i 7 o Cv m’kg's'A® % A b | Da |1Da=1.660538 86(28)x10%"kg
& £ # Hi|A— L Q VIA m?kg 9 A% AT EEEM u |1u=1Da
ERIN N A S DA 7S S ANV mZkg's®A? K X H 7] ua [1ua=1.495978 706 91(6)x10"'m
73 H == Wb Vs m’kg s?A’
73 H b i1 b T Wh/m? kg s?A?
A4 v Xy H v A~rU— H Whb/A m?kg s2A?
t AL v oy 2 R EeryemzEe| C K #£8. SITESZVA, SIEJHH Sh 2O AL
U A
b/ F— R Im cd sr® cd R A SI BN CH Sh 55l
- ( f))E o (d) x i mf cd N - Wl bar |1bar=0.1MPa=100 kPa=10°Pa
} ; Fl i 8 = -
TR PR AR O JA e g Vi 15iy s AKGHES U A — R mmHg| 1 mmHg~133.322Pa
TR, b= x ¥ —50 5. |, 2 2 . .
it g Gy Jikg m?s? Arv 7% hu—24 A |1A=0.1nm=100pm=10""m
2 i, 2 (o) ) o S s
iR A, AR~ T | SV Wiz m’s K= Y| b |1b=100fm’=(10%em)?=10%m?
i * {63 | 52— kat s mol J v K kn [1kn=(1852/3600)m/s
(SHEFFRAEA O & F & 785 & F ML L AR DETHATE 5, Lo UEIEZ L7z 0T 1350 R = 23| Np y -
SkE—L b TEAL, . STHAZ & DELAE A 722 BIFRIZ,
BT VT v AT T VT T O LISk 5 BALORBIAR4 T T, RICOWTONE S 2 5 diciibiu s, - & KPR D TE R AE
FEBKCIE, AT DRHCIFREBradk Vst VG D A28, B & L THSIEAL L L TORE Th 450 1135 > ¥ X ] dB
TRENRY,
@WHFETIIAT FTVT v VD AL i FsrZ PLOE LT OHIC, TOEEHREL TS,
@A~V IEHBRIC DN TR, X7 LB O EIBRIC DWW TORMER Sh 5,
@ BNV T REZFVE L OFRNRLTHT, EAVTRAREEZRT ZOIEAShS, BAVTIRELILEYD . . s e e
HEOKE SRFA—ThB, LitioT, MEACRENRELZEZTKINLE S ORI TELTHLRLTHS, D 03%.%&%099%’%1%%”‘ r—
ORFHEZREOHUHRE (activity referred to a radionuclide) (%, LIE LiEi - 7= 5k Tradioactivity” & i2 S5, 45 s SI Bifir T S 5 HE
(QHf > —~L b (PV,2002,70,205) 22\ TiXCIPMAE2 (CI-2002) % &M, ES v | erg |1 erg:10'7J
" - N , 4 A dyn |1 dyn=10'5N
A g R L Bl P ST B AL O 15 9 ;
K4 WEOBICHFTOMH L 7B % & LS B O] # 7 P |1 P=1dyn s cm®=0.1Pa s

ST AHZ Hif7

7
v
x
F — 27 %[ St |1St=lem’®s'=10"m?s’
7
k

HAST R o s | SIEARMIZED A i i
E% A F sb |1 sb=1cd cm?=10*d m™
picl 4 A % Pas m? kg st 7 * ph |1 ph=lcd sr em? =10%1x
h o ' — A v MM=a—brr—tn Nm m’kg s> bl V| Gal |1 Gal=lcm s?=10?ms?
* i} & Hl==z—bhofgEA— L N/m kg s ~ 7 A U = JU| Mx [1Mx=1Gcem’=10°Wb
14 ; S }f% T R rad/sq m m'i s'i:s'; H 74 Zl G |1 G=1Mxcm?=10"T
£ i i 7 o7 v ERED rad/s” mm’s?=s" - = o 1 (a) 3 -1
B om B, M B ED MEEEA— L Wi [kes® R
g ) > . a) 37ERDCGSHALR & SITHIEHEBE TE AV, H5 [ & )
ARE, = br b —|Pa— Iy JIK m’kg s2K! FEHISBIRE T b DO TH B,
HEER, oy hr E—|va—rmxarsamires (Jikg K)  |m?s?K?
b = x L ¥ —|Pa—nrEXursIs Jlkg m?s?
# I b H|U o MEA— ESAEY (W(mK)  |m kg s?K? #10. STZJE S 72 Z DAt AL D ]
M = x L X —|Ya—nAmilA— ML [Jm? m'kg s? EAa %3 SI HLAZLTF S5 HE
& R o B EEArEA-bL Vim mkgs®Al ¥ = U~ Ci |1Ci=3.7x10"Bg
& i # ey —w o fmszi A — 4 |Cm? m?®s A v v b 7 ¥ R [1R=2.58x10"Clke
?'f - %ﬁj fé,_ " ?’j Z’“ = /Eulgj - ;ﬂ/ C/mz m'z sA 7 K| rad |1 rad=1cGy=107°Gy
HOREE, XXM — kv |C/m m-sA _ 02
% & |77 5 1A= P F/m mP kg5 A2 ; 5 i o 1 reinl_l,rc_slv(ﬁg Sv
% 53 B~ Y —fFEA— Vv H/m m kg s?A? > - < ! 1 ;;/::__1 fm=10"m
E L T %X L F —(Pa—n@mEL J/mol m?kg s mol™ CMABHT ; _ \; ,T _ _ -4,
EATY h B E—, EABER| Y2 A e EY [Jmol B) [m?keg s K mol™ ARRC 1 A=MERTD S PElRgSEITis
WS (XERO, ) [7—nvmrnrsa Clkg T A . . U Torr |1 Torr = (101 325/760) Pa
W 0 P 5 =l it st Eo# Kk &K JE|[ atm |1 atm =101 325 Pa
58 & bzt BTy MEAT VT Vv Wisr m*m?kg s?=m’kg s” Vil =1 J || @ ||P A (L5Cy = V=), 4.1868]
& i i FE|7 o b A= iz 7 o7 |Wim2sy) [m? m?kg sP=kg s (MMsa Y =), 4.184d (BL2E B a Y —)
B 6 M S mr S A— b |katim®  m®s!mol S 7 2 v op | 1p=1um=10"m

(FH8HR, 20064F)








