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Abstract

Some fluids must not come into direct contact with solid walls, from which they have to be separated by a co-flowing wall-jet of protective
fluid. In a pipe with the faster wall-jet at the wall, the core flow may be expected to be move faster. After all, the wall friction is eliminated and the
radial momentum transport from the wall-jet towards the axis may be expected to increase the central flow velocity. What actually happens is the
very opposite: the central flow is slowed down and may even reverse its direction so that it flows upstream, against its original directions as well
as the direction of the wall-jet. This unexpected reversal was found [V. Tesaf, 1978-1980] in radioactivity detectors. Early simple measurements
and contemporary hypothesis about its origin (entrainment into the wall-jet) were recently vindicated by numerical flowfield computations. These
were performed in a more general way, for a whole family of related geometries, and provide an input information for an analytical model based
on control volume balance. The resultant control volume model is useful for designing devices using wall-jet flows in a confined space.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recent renewed interest in nuclear energy as one of the
few available actions capable of decreasing the global warm-
ing has led to revival of investigations of radioactivity detection
and monitoring. Of particular interest is monitoring of fluid
flows leaving the radioactive or possibly activated space. The
fundamental problem of all radioactivity measurements is the
possibility of activation of the detector itself or nearby objects.
To prevent it, the test section of the duct guiding the tested fluid
is often provided with a protective “fluid film”, a fast co-flowing
wall-jet of non-radioactive fluid blown along the walls.

Interestingly, early tests of such a device for monitoring
radioactivity of air flow in a pipe, to the dismay of its original
designers, revealed that the protective parallel wall-jet blown
along the pipe wall can generate aerodynamic effects which
contradict a simple reasoning. The tested fluid may be quite
legitimately expected to flow faster since the wall friction is
eliminated by the presence of the wall-jet. Moreover, the wall-
jet may be expected to accelerate the tested main flow by the
inevitable radial gradient transport of axial momentum from the
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faster fluid to the slower one. However, the experiments have
shown the very opposite effect. The admission of the fast wall-
jet actually slows down the central flow of the tested fluid. It
can even cause it to reverse its direction so that near the pipe
axis it flows upstream—against the axial pressure gradient and
against the original directions of both central flow as well as the
wall-jet.

2. Protective “guard” flow

A typical case of the fluid flow radioactivity monitoring is
the detection of possible leaks from furnaces used for encapsu-
lation of radioactive waste into glass. The furnace effluents are
normally neutral and may be released to the atmosphere. The
flow, however, must be continuously monitored by a detector
placed into the pipe that carries the effluents. The design prob-
lem is that the effluents must not come into contact with the pipe
wall in the vicinity of the detector. Should they do so, pipe wall
may become radioactive during a leakage event, making it later
impossible to tell whether the subsequently measured radioac-
tivity levels are due to actual contamination of the effluent gas or
come from the activated walls. The solution is to use protective
“guard” flow at the wall. In the furnace case, the radioactivity in
question is the short-range « activity so that the walls are suf-
ficiently protected even by a quite thin “film” of clean gas (air)
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Nomenclature

area of nozzle exit (m?)

nozzle slit width (m)

friction coefficient

pipe diameter (m)

nozzle internal diameter (m)

Euler number

friction force (N)

nozzle exit nozzle exit shape factor

central flow shape factor

critical section shape factor

nozzle exit mass flow rate (kg/s)

main mass flow rate (kg/s)

pressure rise (Pa)

Reynolds number

nozzle exit Reynolds number

specific volume (m3/kg)

time-mean axial velocity (m/s)

velocity on pipe axis (m/s)

axial momentum flow rate at nozzle exit (N)
bulk velocity in nozzle exit (m/s)

axial momentum flow rate of the central flow (N)
bulk velocity of the central flow (m/s)
momentum flow rate in the critical section (N)
axial position (m)

axial distance of downstream stagnation point (m)
axial distance of upstream stagnation point (m)

Greek letters

area ratio

flow ratio

relative distance of the critical point
wall shear stress (N)

insert k Protective gas

ol
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issuing from a thin slot upstream from the detector and covering
the walls of the test section, as shown in Fig. 1.

A through-flow cuvette with the protective air film, laid out
along the lines of the schematic Fig. 1, was designed and tested
in 1978 for the Institute of Nuclear Research in ReZ near Prague,
Czech Republic. The tests revealed a surprising effect. The
detector signal indicated a prolonged presence of radioactive
substances inside the cuvette for considerable time after the
seeding of radioactive test aerosol into the gas ceased. The sig-
nal gradually decreased but the decay was in no relation to what
would be a much longer half-time of the radioactive particles
or the possibly activated test pipe material. In fact, subsequent
measurements proved that walls were not activated and the pro-
tective wall-jet carried out its task as planned.

The unexpected response was obviously due to temporary
hold-up of the radioactive aerosol inside the tube, somewhere in
the immediate vicinity of the detector—as was apparent con-
sidering the short-range of the radiation. The cuvette there,
however, was a plain constant cross-section round tube with
no obvious traps or baffles capable of creating any dead zones.
The captive radioactivity remained in the pipe near the detector
despite a generously increased flow rate of the protective air jet,
which was expected to facilitate removal of the sample away
from the pipe. Quite surprisingly, the increase in the protective
gas flow rate, instead of helping to remove the aerosol, enlarged
the amount held inside the cuvette.

The effect was described as “reversation paradox”. It was
explained (Tesaf [4]) as a consequence of entrainment into the
protective wall-jet—an entrainment so strong that it exceeds the
available supply of fluid from the upstream part of the pipe.
A conjectured consequence was the presence of a recircula-
tion bubble which forms on the pipe axis by the returning flow
entrained into the wall-jet. Because of scarcity of experimental
data, this explanation was in [4] formulated only as a hypothesis.
Its existence was later proved by numerical flowfield computa-
tions and included in Fig. 1 is an example of the computed flow
reversal region.

X, Test pipe
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\ Nozzle exit slit
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gas Radiation detector

Fig. 1. Schematic representation of the test pipe with the protective gas film injection immediately upstream from the radiation detector. Also shown is a typical
computation result (for the geometry shown in Fig. 2) with the pathlines defining a stationary recirculation bubble surrounding a stationary vortex ring.
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Fig. 2. Geometry of the experimental test set-up as well a numerical flowfield computations. In the experiment, the Pitot probe was fixed to the pipe. To change its
axial distance X from the wall-jet nozzle exit (defined in Fig. 1), the inlets (for central flow as well as for the wall-jet, fixed together) were moved into different

distances inside the pipe entrance.

A similar phenomenon certainly can take place in other
devices using high-speed wall-jets in a confined space. In the jet
pumps with an annular driving jet, this recirculation certainly
also takes place in some operating regimes, though it apparently
escaped attention in literature. The fluid film wall protection
used in chemical engineering practice and cooling gas films of
combustion chambers are other examples of the situation where
the recirculation bubble is likely to form and to be important. In
the cuvettes, it should be avoided while in some other applica-
tions the baffle-less retention of the fluid inside the pipe may be
a welcome useful effect. Because of the potential usefulness of
similar devices it is considered beneficial to set up an analytical
model of the phenomenon making possible a prediction of the
flow reversal. Apart from understanding of the effect, the model
provides a useful relation between the individual parameters so
that anyone designing a similar device can either avoid or secure
the presence of the flow reversal.

3. Early experimental investigation

When the present author investigated the surprising fluid
retention phenomenon in 1978-1980 [4], he faced several prob-
lems. At that time, neither hardware nor software for flow-
field computation were available in the then socialist countries.
Indeed, even proper publication of the results was not possible
due to the highly secretive nature of all nuclear research. Instru-
mentation for flowfield studies was limited practically to Pitot
probes. The author made himself a miniature Pitot probe from a
hypodermic needle and used it — together with the static pressure
tap on the pipe wall — to measure velocity distribution along the
pipe axis at various axial distances X (Fig. 1), in particular to
locate the axial positions at which the flow direction undergoes
its reversal. One of the problems was the difficult access into the
internal space of the pipe. Instead of the axial movement of the
probe, difficult to set up, the probe was fixed to the test pipe and
its axial distances were changes by moving axially the nozzle
from which issued the wall-jet, together with the central inlet so
that the geometry of the inlet components remained identical.
Details of the experimental rig are presented in Fig. 2.

Like all paradoxes in fluid mechanics, also this “reversation
paradox” (Tesaf [4]) is easily explained. Nevertheless, it was
quite stunning to find the axial flow oriented opposite to the
directions of both the main central flow as well as of the protec-
tive wall-jet, which was intended and expected to facilitate the
flow into the positive X direction. Not only the velocities in the
return flow region were negative relative to the axial pressure
gradient in the pipe. Perhaps equally surprising were their high
absolute magnitudes, much higher then the velocities on the axis
of the test pipe elsewhere, either upstream or downstream.

In the experiments with the rig shown in Fig. 2 the attention
concentrated on measuring the extent of the reversed flow and
on the conditions under which it ceased to exist. The collected
data were the positions of the two stagnation points, S, upstream
and Sq downstream, as shown in Fig. 1. Their locations vary with
the ratio of the two inlet flows, the main flow rate M X, and the
protective wall-jet flow rate M, . The definition of the flow ratio
in [4] attributed the negative sign to this ratio to bring the sign
convention in line with the usage in jet pumping:

MX2
MX1

MHe = (1
Admittedly, the Pitot probe is not ideally suitable for locating the
position where the velocity changes sign. The probe properties
are asymmetric, it cannot reasonably measure negative velocities
(directed opposite to the positive direction of X axis, Fig. 1).
As a result, the stagnation point positions were not found very
reliably. The wall pressure tap, justified in parallel flow in a
pipe, fails to function properly in the present case where there
are local radial flows near the stagnation points, with which are
associated (fortunately, as later computations have shown, not
very strong) radial pressure gradients.

Nevertheless, even accounting for the possible errors, the
basic fact of existence of the return flows on the axis was estab-
lished beyond doubt and also the general character of the depen-
dence of the stagnation point location on the relative magnitude
of the wall-jet flow n. was established reliably. The results of
the experiments are plotted in Fig. 4. The conjectured separation
bubble corresponding to the region of negative velocity on the
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axis was found to move upstream and grow in size with increas-
ing intensity of the protective jet flow—i.e. decreasing absolute
value of the ratio pe.

Important for the applications is the fact that the recirculation
region disappears if the magnitude of the jet flow intensity, char-
acterised by the absolute value of L, is above a certain critical
value, in [4] measured — possibly not very reliably — to be,

He crit = —0.732 @

Unfortunately, these results could not be properly published
and in the meantime became practically forgotten.

4. Explanation of the effects and related flows

To explain the flow reversal, it is useful to consider related
flows. Some of them may be obtained in the configuration
described above if the flow parameters are varied beyond the
usual limits.

First, it is apparent from Fig. 4 that the recirculation bubble
size grows with diminishing magnitude of the central main flow.
It may be interesting to consider the limiting case of zero cen-
tral flow. The bubble, which then reaches its maximum extent,
in fact becomes a wake attached to the central inlet. The flow-
field then corresponds to a flow past a solid axisymmetric body
held inside the pipe. Character of the wake on the downstream
side of such body is well known. Nothing surprising is associ-
ated with the reversed, upstream-directed flow in the wake. The
flowfield of present interest differs only by the non-zero cen-
tral flow, which separates the wake from the nozzle lips of the
inlet. The separation is understandable: the central flow, which
has to get somehow into the stream-wise direction, cannot pass
through the wake. It bypasses the wake on its periphery, at the
nozzle exit lips where the local wake flow has the same stream-
wise orientation. The mental steps from the wake case to the
present confined wall-jet case provide a natural explanation to
the observed effects.

The second approach to the explanation is based on consid-
ering the opposite change of the main central flow increasing
in intensity. When its velocity becomes higher than that of the
wall-jet, the latter, of course, would cease to be a wall-jet. The
resultant flowfield becomes what is known as the confined jet
flow, known and studied for more than a half of the century,
since the work of Thring and Newby [1] on combustors and
the systematic investigations of Craya and Curtet [2]. Confined
jet has many practical applications in jet pumping, combust-
ing furnace flows, arterial blood flows, and ventilation of lungs
and has, therefore, been frequently studied and well understood.
Its important feature is formation of a recirculation region by
a mechanism analogous to what is found in the flow of present
interest. Because of the “inverted” configuration, with the slower
flow on the wall side, the recirculation region is attached to the
pipe wall. Its core is of toroidal shape [8,10] as in the present
case, but rotating in the opposite sense. Again, this recirculation
region forms if the jet entrainment demands cannot be satisfied
by the secondary slower inflow—in the confined jet case it is an
entrainment into the central jet from the outer annular co-flow.

This recirculation effect, well known and accepted for the con-
fined jet case, requires just the logical step of inverting in the
meridian plane the conditions at the wall and at the pipe axis to
explain the discussed “paradox”.

In the confined jet flows, there are already established param-
eters in use for characterisation of the flowfield. Thring and
Newby [1], in their combustor studies, applied physical and
dimensional reasoning to the problem of hydrodynamic similar-
ity between a combustor and its laboratory model. They derived a
single non-dimensional similarity parameter, the Thring—Newby
number. The recirculation region should be found in the con-
fined jet flow whenever this number reaches a critical value.
For the simplified model situation of flat velocity profiles the
Thring—Newby number can be shown to reduce to the square
root of the ratio of the momentum flow rate of the exit flow to
that of the central jet. Recent studies [8] have actually shown this
to be an incomplete, approximate similarity. They indicated as
a deficiency of the Thring—Newby number its failure to include
the influence of the momentum flow rate of the secondary inlet
flow. In the combustor applications of Thring and Newby this
influence was not recognised because the annular secondary air
flow there has usually low momentum in relation to the burner
central jet flow.

Barchilon and Curtet [3] later arrived at a different similar-
ity parameter, the Craya—Curtet number. Its generalised version
was recently introduced by Foster et al. [8]. An inconvenient
feature of the Craya—Curtet number is its definition involving
integrals of velocity, of velocity squared, and of pressure dis-
tributions over the inlet plane. As a result, this number can be
evaluated by integration only ex post, when processing data of an
experimentally investigated or computed flow. The parameter is,
therefore, of only limited use for early stages of a device design
or other situations where the distributions are not known. Under
the simplified situation of constant pressure, constant velocity
profiles in the two inlets, the Craya—Curtet number reduces to
the square root of the ratio of the momentum flow rates of the
inlet outer annular flow to that of the inlet central flow (some
authors, e.g. Revuelta et al. [10], wrongly assume this to be the
actual definition of the number). Computed confined jet flow
results are available for the simple laminar flow case [10] and
for turbulent flows modelled by the k—¢ model [8] demonstrat-
ing the similarity — albeit only approximate — of the confined
jet case and, therefore, at least approximate predictability of the
presence of the recirculation region.

5. Analytical model

The aim of the present paper is to set up a theoretical model
— perhaps only approximate but as far as possible universal
— of the flow with the fast wall-jet and the axially positioned
recirculation bubble in a circular pipe. In particular, the theory
is to be useful for the renewed interest in radioactivity mea-
surements of flowing fluids. This re-kindled the old problem of
possible radioactive particle retention in the recirculation bubble
in detectors with the protective wall-jet. The advantage of the
mathematical model is its capability of providing device design-
ers —or anyone seeking deeper understanding of the flow reversal



V. Tesar / Chemical Engineering Journal 128 (2007) 141-154 145

phenomenon — with a guidance as to the existence of the recir-
culation bubble for given device dimensions and flow rates. Of
course, the universality is limited by the impossibility of taking
into account various possible inlet geometries. However, even
though the inlet shapes may differ from one case to another,
their influence is under typical conditions only secondary and
may be accounted for by profile shape parameters, characteris-
ing the deviations from the simplified constant velocity, constant
pressure profiles in the plane of the nozzle exit. Analysis of the
investigated case, based on extensive set of numerical flowfield
computations, is intended to provide some guidance about the
numerical values of the parameters.

Further downstream from the nozzle exit plane, cross-section
of the pipe is assumed to be of constant diameter. This simple
shape means that the geometry of the interaction region is suf-
ficiently determined by a single scalar-valued parameter—the
area ratio ¢. It is here defined as the ratio of the cross-sectional
area of the pipe 7D?/4 to the nozzle exit cross-section area A:

D2

~ 4b(D — b) )

¥
where D (m) is the pipe diameter; b (m) is the nozzle slit width
—Figs. 1 and 2.

The most important fact, which the discussed theory is
expected to predict, is the existence of the flow reversal. This is
determined by predicted ratio of the inlet flows at which occurs
the critical state—the situation when the volume of the recircu-
lation bubble reduces to zero so that the two stagnation points
X and Xgq coincide. The conditions in this single point not
only represent a theoretically interesting flowfield with an iso-
lated zero-velocity point. They are of practical importance. The
critical value e crit, Of the ratio u. of the two input flows is
the boundary beyond which the reversal phenomenon cannot
complicate the operation of the radioactivity detector or similar
devices, like the annular primary nozzle jet pump. The essen-
tial point of the theory is, therefore, its ability to predict the
dependence:

He crit = f(@) “®

The idea to base the theory on one-dimensional balance of
axial momentum flow rates at the boundaries of the control vol-
ume positioned between the inlet X and the critical state at the
downstream location Y was introduced by Markland in a mem-
orandum [5] which, unfortunately, was never published. Some
Markland’s assumptions, made at a time when there was no
information about the shapes of the velocity profiles, are now
known to be wrong. Nevertheless, the basic idea is worth follow-
ing. For the control volume shown in Fig. 3, the force balance
condition may be written as

V‘VX1 + sz =Wy + APpA + Fr (®)]

where Wy, (N=kg m/s?) is the axial component of momentum
flow rate at the nozzle exit X, WX2 (N) is the axial component
of momentum flow rate at the central, main flow inlet Xo, Wy
(N) is the axial component of momentum flow rate in the pipe
cross-section passing through the critical point ¥, AP (Pa) is the
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Fig. 3. The general basic relations for mixing the two inlet (X) flows of the
same fluid and the condition for the critical state at a downstream location (Y)
following from momentum rate, pressure, and friction force balance.

pressure rise between X (assuming pressure in X to be the same
asin X») and ¥, A (m?) is the cross-sectional area of the wall-jet
nozzle exit, and Fr (N) is the friction force acting on the pipe
wall between the locations X and Y.

The control volume analysis would be very easy if it were
acceptable to assume uniform velocity profiles. For example the
momentum flow rate le in the wall-jet nozzle X, where the
mass flow rate My, issues through the nozzle exit of cross-
section area A, could be under the assumption of the uniform
velocity profile evaluated as
Wx, = %w%l (6)
where v (m?/kg) is the specific volume of the fluid, a constant
in the assumed incompressible flow regime. Similarly, the value
WX2 in the central main inlet X, would be

. v .
WX2 = A((p—l)MX2 (7)
and also Wy in the control volume outlet ¥ would be evaluated
in an analogous manner. The actual profiles, however, are more
complex. The deviation from the simple uniformity in the case
of inlet X is caused by the boundary layers developing on the
nozzle walls (cf. [9]). The uniformity assumption is even much
less acceptable for the central main flow in the inlet X3, especially
if, as is usual the case, the device designer places (Figs. 1 and 2)
the annular nozzle into the internal space of the pipe. This leads
to shaping the central channel as a conical diffuser—a device
known to produce velocity profiles with high-velocity central
peak and low-velocity flow near the wall. Finally, the uniform
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profile assumption is quite obviously unacceptable in the control
volume outlet Y. The velocity there must be zero on the pipe axis
as well as at the wall.

The deviations of the real profiles from the simplified uni-
form shape may be formally expressed by introducing the shape
parameters (or shape factors) H, defined

Wx, = Hx, () M3, ®)
Wy, = Hy, (E) e M2 ©)
Al p—1 71
and
Wy = Hy (E) MM}% (10)
A 10 !

The pressure rise AP between the cross-sections X and Y
may be evaluated using Markland’s [5] assumption of loss-less
conversion from the fluid kinetic energy on the axis of the main
inlet X;. It may be characterised by introducing the Marklandian
Euler number Eupy:

U2

2.2

. VU

VAP = Euyj————— M3 e
Mo —12a2 X

TP T e

Finally, the friction force may be expressed using the concept
of the wall shear stress ty, averaged over the pipe wall surface
on the distance X5 = ogD between the sections X and Y,

Fr = twostD? = 414,05 A (12)

and characterised by friction coefficient c¢, relating it to the
dynamic pressure in the annular nozzle exit:

LrvN\2_,
vow = er3 () M3, (13)

The resultant force balance condition, by using these expres-
sions as the terms in Eq. (5), is

2
UAEE) v He o
Hx, (z) My, + Hx, (z) o— 17

() oo

— u M
A) T My TN

2

+Hy (%) %M%l + 2cq0s (%) M3, (14)

This equation may be used as the condition for the existence
of the critical state (flow slowing down to zero-velocity at a sin-
gle point on the pipe axis). It is useful to non-dimensionalise its
terms by dividing them by the idealised momentum flow rate in
the annular nozzle entrance, Eq. (6). The resultant dimensionless
control volume force balance:

2
"
Hy, + Hy, -
2 2
Pl (1 — pe)
= Eum + Hy + 2cros (15)
2 — 1)? @

with (e = le crit 1S the sought-after relation Eq. (4). With respect
tO e crit it 1S @ quadratic algebraic equation so that

—b + /b2 — dac
Me crit= ————F—————— (16)
2a
where there are
H E H
a=—22 _ uM<p2 - (17)
p—1 20— @
H
b= 2l (18)
®
Hy
Cc = HX. - ? - 2Cf(75 (19)

To be useful, these results require knowledge of the parameters
Hyx,, Hx,,Hy, Euy and cr. In general, values of the shape param-
eters H should be near to 1.0—significant deviations from this
value indicate the theory is not successful. In the initial designs
stages of the devices it may be acceptable to estimate roughly
their values as slightly higher than H~ 1.0 to get at least some
idea about the device operation—to be later corrected, espe-
cially if the profiles exhibit a local high-velocity peak, to the
values at which the parameters are sensitive due to the quadratic
dependence on the velocity.

So far, the lack of information about the five dimensionless
parameters has been the main obstacle to further progress. To
evaluate them requires a knowledge about the investigated flow-
field.

6. Numerical flowfield computations

The experimental rig used by this author was scrapped long
time ago and could be no more used to obtain the needed
information. Fortunately, availability of high performance CFD
hardware and software made it possible to obtain useful infor-
mation by numerical flowfield computations. To provide data
for the desirable general character of the theory, the computa-
tions were conceived more widely than just verification of the
earlier experiments. They covered a range of seven geometries
characterised by values of the area ratio ¢ from 3.28 to 5.28.

This represented quite demanding computation effort. To
map reliably the extent of the recirculation region, the solutions
have to be repeated at each ¢ value for a quite large number
input flow rates, the change of which has led to the changing
flow ratio u.. In particular, the solution runs were repeated with
rather small increment steps near the critical state so as to iden-
tify reliably the critical value fe crit-

The computations were performed in two series. The first
series A used a fully three-dimensional computation domain,
applying to it the three-dimensional version of FLUENT 6. The
solution domain in fact did not completely disregard the axial
symmetry and represented a 90° quadrant sector between two
perpendicular symmetry planes passing through the axis. It used
unstructured discretisation grid with 160,924 tetrahedral cells
and 42,993 nodes. The three-dimensional character made possi-
ble inclusion of such small details as the four struts, which in the
experiment held the central inlet part. The struts (of streamlined
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shape) were small and sufficiently far upstream from the nozzle
(Fig. 2) for their small wakes becoming practically unimportant
before the flow entered the actual flow interaction region inside
the pipe. The experience with the series A has shown that the
computation runs were too time consuming. After all, no signif-
icant three-dimensional effect were found. In the second, more
extensive computation series B, the economy of computation
effort necessitated to use a two-dimensional (fully axisymmet-
ric) model domain. A typical two-dimensional solution used
32,782 triangular cells with 17,455 nodes. Of course, despite
this smaller numerical value, the grid cells were smaller than in
the series A, being wholly contained within a plane rather than
in a spatial domain. Individual computation runs actually used a
different final numbers of cells, because the grid was adapted in
the course of the solutions by refinement and coarsening depen-
dent on the computed values of local absolute velocity gradient.
The two-dimensional and three-dimensional solutions used a
different version of the FLUENT 6 solver.

The procedure used to set up the computation models of dif-
ferent area ratio values ¢ applied to the computation series B
consisted of placing the symmetry axis at different transversal
distances from the otherwise identical the two-dimensional con-
tours. Since the shape of the domain contour in the radial plane
did not change, all computed configurations shared the same
wall-jet inlet geometry—the geometry of the original experi-
mental rig. All of them possessed the same nozzle exit width
b=1.995mm. The area ratio ¢ — ratio of pipe cross-section
area to the cross-sectional area of the nozzle exit slit, Eq. (3) —
varied due to the changes of the diameters D from ¢ = 3.28 (noz-
zle occupying ~30% of the smallest-sized pipe, D =24 mm) to
¢ =15.28 (with nozzle annulus covering only ~19% of the largest
D =40 mm pipe area). This range, of course, included the value
@=4.041 used in the originally investigated geometry of the
experiment (Fig. 2).

Despite the same contour shape, because of the different
transversal curvatures at the different radii, the nozzle geom-
etry of individual family members was not identical. Also not
identical were their inlet area at which the velocity boundary
condition was defined. To avoid consequent large changes of
the nozzle exit Reynolds number, the velocity at the boundary
conditions was progressively increased with the increasing pipe
diameter D, though this did not lead to Re exactly the same.
Evaluated as usual from the dominant, smallest cross-section
conditions (those in the wall-jet nozzle exit), all Re values were
higher than Re =2000. This is large enough for the flows being
classifiable as sufficiently developed turbulent regimes, where
the Reynolds number effects are not significant. Because of the
exceptionally large overall computation effort, it was not feasi-
ble to include in this study also a systematic investigation of the
effects of Reynolds number effects independent of the influence
of the area ratio ¢.

Numerical solutions of recirculation regions are notoriously
known to be the least reliable among fluid flow computations,
being strongly dependent on fine details of the used turbu-
lence model and other features of the flowfield modelling. In
the present study, the exceptional computation effort required,
due to the large number of handled computed cases, did not

allow using a very sophisticated turbulence-closure model. The
solutions were performed with the standard two-equation k—e
model with the renormalisation group (rng) handling of regions
with low Reynolds numbers of turbulence. This was a choice of
necessity. Chen et al. [7] computed a closely related problem — a
wake behind abody in a pipe with different but essentially similar
recirculation bubble — using three alternative turbulence-closure
models, including also the two-equation k—e mode, and found
this simplest one among the tested alternatives to be predictably
the least successful. However, the demanding conditions in these
flows resulted in no one of the three models being completely
satisfactory. The other two models, requiring much more com-
putation effort, did not perform very much better. In fact, Risso
and Fabre [6] found the related confined jet flows a particularly
testing case for deeper studies of turbulence. On the other hand,
the same k—e model as in the present study was recently used,
e.g. by Foster et al. [8] in the quite successful computational
study of the related confined jet flows. The use of the compu-
tationally less intensive model in the present case was justified
by the overall aim. It was mainly acquiring information about
qualitative character—especially, of the general character of the
shape of the velocity profiles so as to simulate them suitably in
the approximate analytical theory. The theory is not expected
to be exact anyway simply because it is intended for use with
various geometries of the inlets, the resultant velocity distribu-
tions in which are impossible to predict by a simple analytical
approach.

An example of computation results is presented in Fig. 4.
It shows the extent of the recirculation bubble for the basic
¢=4.041 geometry obtained in both series A and series B. The
nozzle flow rate in these solutions remained constant—as doc-
umented by the constancy of the nozzle exit Reynolds number
Rey,.

The value of the ratio ue was varied by changing the central
main flow rate. In both computation series, all runs were per-
formed up to solution convergence, the criterion being relative
residual magnitudes less than 10~ for all computed variables.
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Fig. 4. Experimentally determined as well as computed locations X; of the
upstream and downstream stagnation points S, and Sy in the basic ¢ =4.041
case as in the experimental data of [4]. They depend on flow ratio pe (defined
in Eq. (1)). As the relative wall-jet intensity decreases, the recirculation bubble
moves downstream and its size diminishes.



148

The general character of the dependence in Fig. 4 agrees with the
character of the dependence obtained in the only available exper-
iment [4]. There is, however, not an exact agreement and, indeed
—indicative of the difficulties encountered in these types of flows
— also the two computation series results series do not mutually
coincide. Of course, an exact coincidence could not be expected
in view of the differences in their discretisation grids. There is a
better agreement with the experiment for the series B computa-
tions, perhaps due to their finer grid—though the use of different
solver versions should not be forgotten. Considering the already
mentioned problem of unreliability of the Pitot probe measure-
ments in these flows, the experimental data are not very reliable,
either. It would be surprising to find an exact agreement with
the experiment. This was, after all, not asked for. What is really
important for the present purpose is the qualitative agreement
in the character of the flowfield in all three approaches—and
vindication of the qualitative explanation hypotheses of Tesar
[4] and Markland [5].

7. The critical state at location Y

The main interest when evaluating the computation results
concentrated on the three locations, the inlets X; and X, into the
control volume and the outlet Y at its exit end. Of them, the loca-
tion Y in the critical regime is the most interesting and unusual.
The exit plane there contains the extraordinary zero-velocity
point resulting from coincidence of two stagnation points. It is
a surrounded everywhere by positive velocity flows.

The first objective was to find the position of this special
point. The results (together with a schematic representation of
the expected velocity profiles) presented in Fig. 5 show that the
position is governed by a surprisingly simple law. This result
was of importance for identification of the relative length og as
defined in Eq. (12) and used in Eq. (19).

The next objective was evaluation of the velocity profile shape
in Y and then the value of the shape parameter Hy. An extremely
simplistic approximation to the profile with zero-velocity on
the axis, is the linear conical velocity distribution neglecting
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Fig. 5. The computations indicate that when the pipe diameter D is increased
(resulting in an increase of the area ratio ¢), the critical stagnation point in (Y)
is located at the vertex of the cone ¢, which retains its constant vertex half-angle
arctg l/og.

the boundary layer at the wall, with velocity growth from the
axis towards the walls from the zero value at the centre. Inte-
gration of this profile leads to shape parameter value Hy =9/8,
perhaps surprisingly not so much different from the uniform
profile value Hy=1 as one might be prepared to expect for
such an unusual shape. However, the real profile, because of
the character of the two co-incident stagnation points and the
continuity condition, must posses zero radial gradient dw;/90X»
on the axis. The linear profile fails to meet this requirement
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Fig. 6. Time-mean axial velocity profiles in the critical location obtained by the numerical flowfield computations for the seven investigated geometries that differ
in the diameter D (and consequently in area ratio ¢). When re-plotted in the relative co-ordinates at right, the profiles exhibit a remarkable mutual similarity.



V. Tesar / Chemical Engineering Journal 128 (2007) 141-154 149

L/\j HY .. shape factor in critical location Y

Par‘abolic pr?jile Hy=4/3
14 T [

|

12| @
q\ J -w—
il \
il Linear (conical) profile Mean value:
Hy=57% Hy = 1.112
0.6} - if
Computation
04 |- series B
‘ Re, from 2 080 w 2998 T
vz f 4 -
‘ Area ratio
| | [~

;’\
ol vy 2 3 4 5 6 e

Fig. 7. The shape factor values obtained by integrating computed profiles com-
pared with simple approximations.

and cannot be a realistic approximation. The simplest shape
meeting the condition is the “inverted parabolic” velocity profile
with velocity increasing quadratically from the zero value on the
axis. For this approximation, again neglecting the wall bound-
ary layer, the momentum flow rate integration results in shape
factor magnitude Hy =4/3. The velocity profiles obtained by the
CFD solutions are shown in Fig. 6. The remarkable feature of
these profiles is their mutual similarity. They are actually very
well approximated by the quadratic parabolic distribution, apart
from the near-wall region where there is the quite pronounced
boundary layer. In the relative co-ordinates (with the axial veloc-
ity w1 in Fig. 6 non-dimensionalised by relating it to the velocity
of the equivalent uniform profile) they collapse into practically
a single universal curve. A systematic dependence of the bound-
ary layer thickness on Re may be expected but, unfortunately,
the discretisation grid there was not fine enough to provide a
reliable conclusion. The consequent scatter in the value of the
highest velocity in the profile (on which the momentum flow rate
integral is particularly sensitive) has led also to the scatter of the
evaluated values of the shape factor Hy in Fig. 7. These were
computed from the definition Eq. (10) in which the momen-
tum flow rate Wy was evaluated by integration of the square of
the computed velocity. The sensitivity to the peak values in the
velocity profile is apparent in Fig. 7 from the comparison with
the parabolic approximation, which neglects the presence of the
boundary layer and has at the wall higher peaks.

Considering how unusually shaped are the discussed profile
shapes, the Hy values in Fig. 7 are remarkably near to the uniform
profile value Hy = 1, from which the results differ by an amount
commensurate with the scatter caused in the numerical flowfield
computations by irregularity of the used unstructured grid with
the rather abrupt localised effect of the refinements.

8. The annular nozzle inlet X;

Nozzle exit profiles in general are known to be fairly uniform
[9]. Convergence of streamlines in the nozzle contraction tends
to produce slightly concave bicuspid profiles with maxima near
the walls, but this is countered by velocity decrease near the
walls due to the boundary layer. In typical nozzles at reasonably

high Reynolds numbers the wall boundary layers are usually
very thin.

In the present case, the wall-jet issues from an unusual nozzle
with contraction spread over a long stream-wise distance, Fig. 2.
As a result, there is ample opportunity for the shear effects to
produce thicker than usual boundary layers and rounding of the
profile “corners”. Because the nozzle slit is very narrow com-
pared to the overall dimensions of the computation domain, the
numerical computations of the nozzle flow tended to be less
well resolved. Initial discretization grid produced by software
GAMBIT was rather coarse there and though subsequent auto-
matic refinements divided some cells into smaller ones, the effect
was distributed rather irregularly. The uneven distribution of the
data points is apparent in the four examples of the annular noz-
zle exit profiles shown in absolute co-ordinates in Fig. 8. The
diagram shows the complicating variations of Reynolds num-
ber Rey, computed from the nozzle width b and the maximum
velocity in the exit cross-section, which — as mentioned above —
decreased with increasing pipe diameter D. There did not seem
to be a recognisable systematic trend, the computed profiles
again exhibiting enough mutual similarity for common repre-
sentation by the fourth-order polynomial fit curve. Indeed, with
a single exception, the momentum flow rate Wy, evaluated by
direct integration of the computed profiles in Fig. 9 did not dif-
fer significantly from the values obtained by integration of the
fitted polynomial. The resultant shape parameter Hyx, = 1.116
seems to be a reasonably accurate result. Somewhat surpris-
ingly, this value is nearly the same as that evaluated for Hy
(Fig. 7).

9. The diffuser-shaped central inlet X

The last of the investigated velocity profiles, the one in the
central, main flow inlet X, into the control volume, is rather
exceptional. In contrast to the other profiles at X; and Y, which
exhibit similarity (Figs. 6 and 8) their plots in the relative co-
ordinates varying very little with the changes in the area ratio ¢,
the profiles at X» vary very much. This is not surprising, since the
changes of ¢ are associated with changes of the model geometry.
Because the variation of ¢ in the model was achieved by moving
radially the insert part (Figs. 1 and 2), which introduces the
protective flow, for small ¢ values the insert leaves only a small-
diameter central inlet channel. Immediately upstream from the
control volume, the transition from this channel to the exit is
shaped as a conical diffuser. Its divergence apex half-angle 3°15’
is small, ensuring the flow does not separate from diffuser wall.
At the exit of such diffusers the velocity near the wall is slow and
the flow concentrates into the central high-velocity peak. This
concentration depends on the length of the diffuser. It is most
pronounced if the diffuser is long.

If the conical wall is shifted radially, the resultant diffusers
are geometrically different. For large ¢ (i.e. for small annular
nozzle exits) the inlet part is relatively short and also small and
relatively unimportant is the diffuser. On the other hand, for
small area ratio ¢ the diffuser is long, with large area increase
in the stream-wise direction. The computed velocity profiles
are in agreement with these general expectations. Three profile



150 V. Tesar / Chemical Engineering Journal 128 (2007) 141-154

XQ .. radial distance
i [mm]
Ao Fer- (D/2-Xl /b ah order

Ren=2080
3™ 1

18- ——==t— f BEa—
B i R R R R
10} —t-e- Y
»——ﬁﬁo_lz_tlgm 2609 AN
14 ' < o
| of—F 0.6 e 5.276 |
| o 4.776 oo
12 — 0.5 o 4041
__,—) 0.4 |— o 3.778 o
10g—o—2 ; ' Computation| e 3.529
Reo=2998 o3 [ series B | 3280 Y 9&——
8 ®
D = 0.2 = LA
6l |0 domm s276] | 0a oo VM,
-o- 36mm  4.776 g I LS
4|— -0 30Mmm 40414 | 0 0.2 0.4 0.6 0.8 1 1.2
~®- 24mm_ 3.280 o CONVERTED INTO
2 - — W, DIMENSIONLESS CO-ORDINATES
Axial velocity il

|
N R e

Fig. 8. Four examples of the computed velocity profiles in the X; exits of the wall-jet nozzles with smoothed fourth-order polynomial representations (lines) at left
and cumulative plotting of the axial velocity profiles in relative co-ordinates at right. The considerable scatter is not surprising for what is actually a fine detail of the

flowfield.

examples, for small, medium, and large ¢ within the range of
the investigated geometries, are plotted in Fig. 10. A certain
tendency towards the similarity is found only at the high ¢ end of
the range, where the central channel is of large cross-section. The
influence of the relatively short diffuser is far less pronounced
than for small ¢. It should be noted in Fig. 10 that for large ¢
the profiles change only little with varying ¢.
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Fig. 9. Values of the nozzle exit momentum flow rate Wy, obtained by integra-
tion of the computed velocity profiles are reasonably fitted by the curve assuming
a constant value of the shape parameter Hy, .

The computed velocity profiles were again integrated to
obtain the axial momentum flow rate Wy, . This was then com-
pared with the value for the uniform shaped profile, Eq. (9). The
resultant the shape parameter values are Hy, plotted in Fig. 11.
The two different characters of the dependence on ¢ discussed
above are clearly recognisable. At large ¢, where the velocity
profiles in Fig. 10 tend to be more flat and nearly similar, the
shape parameter Hy, values are only slightly above 1.0 and do
not vary significantly with ¢. This is changed at low ¢, where
the central high-velocity peak in Fig. 10 becomes the dominant
feature. Its high velocity values contribute to the much higher
values Hy,, growing rapidly with decreasing area ratio ¢. For
the purposes of working with this dependence, the fourth-order
polynomial shown together with the data points in Fig. 11 was
fitted to the values. This fit is acceptable for the further operation
with these results, but not the best choice at high ¢, where its
order is too low to represent well the near-constant, asymptotic
character.

10. The wall friction

The wall friction term — the last term on the right-hand side in
Egs. (15) and (19) — represents the effect of the wall shear stress
on the pipe walls, along the outer boundary of the control volume
(Fig. 5). In the computations, the local wall shear stress ty, is
available directly, being a value reported by FLUENT. What
is needed for the control volume balance is the overall friction
coefficient craccording to Eq. (13), obtained by integration along
the wall and plotted in Fig. 12. While in other flows the friction
forces are usually small, in the present case the ¢y values are
very high because of the very high velocity gradient at the wall,
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Fig. 11. The shape factor Hy, evaluated by integrating the computed velocity
profiles in the inlet location X,. For large area ratio ¢ (large diameter D) the
diffuser effect is weak, Hy, is nearly constant and only slightly larger than 1.0,
similarly as in the other two locations X; and Y. On the other hand, with the
conical wall nearer to the axis in the small D cases produces velocity profiles
with sharp central peaks (Fig. 10) resulting in rising Hy, with decreasing ¢.

caused by the presence there of the high-speed protective jet.
This, after all, is why the definition Eq. (13) relates ty, to the wall-
jet generating nozzle flow rate My,. Unfortunately, wall shear
is generally among the least reliable computational results. This
is why there is the large scatter in Fig. 12, despite the smoothing
by the integration procedure. The power law fit shown there
suggests a rise with increasing area ratio ¢, no doubt reflecting
the common tendency of friction coefficients to decrease with
increasing Reynolds number.

11. Pressure rise in the axial flow

Euler number Euy, the last quantity needed for the control
volume force balance Eq. (14), characterises the pressure rise
AP in the flow direction. This jet-pump pressure increase [4] is
due to the decrease of the overall momentum flow rate between
the planes X and Y. To compute it requires only a simple appli-
cation of the energy balance Bernoulli equation along the pipe
axis. The integration path there is actually a streamline along
which this equation may be legitimately applied. Contrary to
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Fig. 12. Reynolds number dependence of the wall friction coefficient cf. The
values are much higher than in developed pipe flows, in agreement with the fact
that they are evaluated for high-speed flow immediately adjacent to the pipe
wall.

initial expectations, the extraordinary character of the velocity
field at and near to the critical state Y is not reflected in any
special feature on the pressure rise curves. In Eq. (14) the non-
dimensionalisation of the pressure term is needed in the form
relating it to My, and this is why the nozzle flow is used in
the final Euler number definition in Eq. (11). In fact the jet-
pumping effect pressure rise takes place in the pumped central
flow between X, and Y. Unfortunately, because of the complex-
ity of the velocity profile in X, the velocity is not simply related
to the mass flow rate My, passing through the central inlet. Its
relation in Eq. (11) to M, based on the assumption of uniform
profiles is even more complicated.

For successful simple theory of the device, the Euler numbers
should preferably be constants near to 1.0. As seenin Fig. 13, this
is not the case, in particular at the low ¢ end of the investigated
range, where the distributions tend to deviate quite strongly from
the ideal value. Fortunately, as shown in the next paragraph, the
pressure term is generally smaller than the other terms in the
momentum balance Eq. (14). The difficulties in estimating its
value thus do not endanger the predictions of the theory.
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Fig. 13. The values of the Euler number Euy characterizing the pressure at the
control volume outlet (Y) decrease with increasing area ratio ¢ rather rapidly.
This is due to the disappearance of the central velocity peak at X» velocity profile,
Fig. 10.

12. Resultant predictions for the flow reversal

The sought-after dependence Eq. (4) determining the criti-
cal flow reversal is determined by the dimensionless Eq. (15)
which, apart from the independent variable — the area ratio ¢ —
contains the introduced dimensionless parameters. These were
evaluated one by one in preceding paragraphs by analysis of
experimental and computed data for the geometry of Fig. 2 and
its variants having a different area ratio ¢. The present theory
of the reversal would be perfect if the parameters were constant
and easily predictable. This was found to be the case for the
correction parameters for nozzle momentum rate term Hy, and
for the critical point momentum rate Hy. They are practically
constant (the velocity profiles in these locations meet the simi-
larity condition) and their magnitude may be well characterised
as being ~10% higher than the ideal value 1.00. This deviation
may be even neglected altogether for first estimates.
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Because of the character of the central inlet, which the design
constraints necessitated to shape as a conical diffuser, the results
are less satisfactory in the case of the main flow inlet momentum
rate correction parameter Hy,. It behaves acceptably for large
area ratio ¢ values, where the diffuser effect is less pronounced.
The value there is higher than the ideal 1.00, nevertheless it is
nearly constant and reasonably predictable. For ¢ <4 the central
peak in the velocity profile becomes the dominant feature and
Hy, values increase beyond a simply predictable magnitude.
The theory then becomes less simple and perhaps less useful.

The friction term is determined by the values cf and o's. These
are acceptably constant (for the former it is possible to take
into the account its predictable small decrease with increasing
Reynolds number) but the numerical values are difficult to esti-
mate so that the present results (perhaps improved upon in future
by analysis of another case) are invaluable.

Finally, perhaps the least satisfactory is the pressure term, for
which the Euler number as introduced by Markland [5] is large,
inconstant, and generally difficult to predict.

The parameters, however, do not have the same weight in
the solved problem. It is instructive to consider the magnitudes
of the individual terms in the force balance Eq. (15). They are
plotted in Fig. 14 as two diagrams, separately for the left-hand
and right-hand side of Eq. (15). It is apparent that, fortunately,
the force balance is dominated by the two well behaving terms,
the nozzle momentum rate term and the critical point momentum
rate term. On the other hand, the main flow momentum term and
the difficult to predict pressure rise term are the least important.

The ultimate result — the solution of the quadratic Eq. (16) —
is plotted together with the data points for the seven computed
cases in Fig. 15. What is important there is mainly the qualitative
character of the solution, as it is assumed that the quantitative
aspect will be improved upon in future when other experimen-
tal or more reliable numerical data will become available. An
interesting fact evident from Fig. 15 is that at high values of
the area ratio ¢, where the diffuser effect in the inlet X, ceases
to be important, the condition becomes self-similar. The critical
state becomes fully determined by the ratio of the two velocities,
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Fig. 14. Magnitudes of individual left-hand and right-hand terms in the non-dimensionalised force balance Eq. (15) in the seven numerically computed cases having
different area ratios ¢. These diagrams provide an idea about the relative importance of the force balance components acting on the investigated control volume.



V. Tesar / Chemical Engineering Journal 128 (2007) 141-154 153

The same equuﬁoany =1.12

Z\_\ Pe crit
_,_/\f
0

with constant Hxy= 1116
coefficients Hyz = 1.37
021 Euy= 2.71

Cr=0.3876

=7 )

g
SO\ area

02} \
Colnsf%m \\ FLOW
yelocl
; REVERSAL
rafio p 1878 \
041 Computation
series B ®

061 /

Present

analysis [~
08 ) \
N

N

1 2 3 4 5 6

Fig. 15. The result of the analysis predicted dependence of the critical flow rate
on the pipe to nozzle area ratio compared with the results of the computations.

wx,—the nominal (bulk) in the inlet X; and wy, in X>:

M
W o X% 1878 (20)
wx, ((p - I)MXZ

the solution of Eq. (14) then approaches the linear asymptotic
dependence:

He cit = 0.1878(p — 1) 21

Another interesting conclusion from Fig. 15 is the importance of
the inconstancy of the introduced parameters Hy,, Euym and cy,
all three being dependent on the area ratio ¢. Ignoring the depen-
dence and fitting a constant parameter value evidently leads to a
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Fig. 16. The Thring—Newby number adapted for the present case of the annu-

lar primary nozzle evaluated in the seven investigated critical states. At high
(¢ >0.4) values of the area ratio this similarity parameter is a constant.

solution in agreement with the straight line asymptote Eq. (21)
at high ¢ but deviating from it for small ¢ values to the very
opposite side than the deviation found in the constant-values
computations.

An interesting test of the self-similarity observed at high val-
ues of the area ratio ¢ is shown in Fig. 16. The quantity plotted
there as a function of ¢ for the investigated seven critical states is
essentially the Thring—Newby number [1] used as the criterion
of similarity in coaxial burners. It was adapted for the present
case by taking as the primary (driving) flow parameters those
of the annular wall-jet (rather than the central jet in the origi-
nal version). The value of this parameter is indeed constant in
for those four critical states in which the present investigations
(Fig. 15) discovered the desirable invariance.

13. Conclusions

Pipe flows with the protective “guard” wall-jet can find
numerous applications in chemical engineering, whenever it is
desirable to prevent a contact of the fluid flow from the pipe
wall. The wall-jet, however, can generate a stationary recircula-
tion bubble, leading to flow reversal on the axis. While originally
causing a problem in the detecting and sensing applications, the
phenomenon may be useful, e.g. to stabilise a location of a chem-
ical reaction zone in the pipe without any mechanical baffles
obstructing the pipe internal space.

Knowledge of the critical conditions beyond which the flow
reversal must be expected is crucial for designing such devices.
Numerical flowfield solutions, while a helpful tool for check-
ing the final configuration, do not provide a proper help in the
initial design stages when the designer has to choose the flow
rates and the basic geometric parameter, the area ratio ¢. The
optimum can be arrived at by performing a series of solutions
with alternative geometries, but this is expensive and time con-
suming. The simple momentum rate balance theory presented
here provides a useful guideline.

Values of the “constants” of this model were identified by
analysis of earlier experimental data and a series of numerical
solutions. Neither the experiment nor the computations them-
selves were perhaps perfectly reliable — and may be certainly
improved upon — but the qualitative conclusions arrived at are
interesting. The model can predict the existence of the flow rever-
sal. Several of the introduced corrective factors introduced —
Hy,, Hy, Hx,—the latter only within the range of the similarity
at high ¢ — were found to have values sufficiently near to 1.0
to permit reasonable guesses based on the crude assumption of
uniform velocity profiles. In the similarity regimes, existence of
flow reversal is predicted by very simple constant velocity ratio
rule.

In the investigated case, the similarity is lost at low ¢ values.
The cause for this are the consequences of the wall-jet nozzle
placed inside the pipe (Fig. 1). At small ¢ this destroys the geo-
metric similarity, contracting and deforming the main inlet flow
so much that the similarity assumption ceases to be valid. This
regime is revealed by inconstancy of (adapted) Thring—Newby
number.
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The theory remains useful, however, even beyond the
similarity limit. The information painstakingly accumulated
about the character of the flowfield and the resultant magni-
tudes and variations of the parameters can provide a useful
guidance.
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