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Abstract— The local shear stress at the exit of a burner port through which fuel/air mixture flows prior to
combustion has considerable influence on flame stability. For this reason a method has been developed to
measure local shear stress for flow through burner ports and other short ducts in those cases where this
quantity is not calculable. A model of the port is cast in either naphthalene or para-dichlorobenzene and
the fuel/air flow through the burner simulated by blowing air through the model. The mass-transfer
coefficient at the exit of the model port is measured using a profilometric technique and related to the
shear stress in the burner using the analogy between mass and momentum transfer.

The technique has been tested by measuring the shear stress at the exit of short tubes of circular cross-
section and comparing the results with theoretical solutions. Two types of tubes were investigated, those
with a sharp, right angled entry and those in which the entry had been rounded. The flow through the tubes
with a rounded entry remained laminar up to a length Reynolds number of about 10° and in this region,
except for the shortest tubes investigated, the experimental results agreed fairly well with theoretical solu-
tions for developing laminar flow. After transition to turbulent flow the experimental results agreed well
with Deissler’s solution for this case. The flow through the tubes with a sharp entry was turbulent over a
wide range of Reynolds numbers and these experimental results were also in good agreement with the
Deissler solution.

It can be concluded that the experimental technique described is of sufficient precision for the purposes
for which it was developed, provided its use is restricted to conditions in which the analogy between mass

and momentum transfer is valid.

NOMENCLATURE

Pss saturated vapour pressure of diffusing

C, concentration of diffusing species species [N/m?];

[kg/m3]; R, universal gas constant [J/kg mol deg
D, diameter of tube [m]; K];
D,,  hydraulic diameter [m]; Re,  Reynolds number = Du,p/u;
D,  diffusivity of diffusing species [m?/s]; Re,, length Reynolds number = xu,p/u;
o local friction factor based on wall shear r, radial position [m];

stress; ry,  dimensionless radial position r/{typ)t;
hp,  mass-transfer coefficient [m/s]; Sc,  Schmidt number = u/pD,;
I(x), i™"J,(ix) where i = \/—1 and J,, is the T, absolute temperature [°K];

nth order Bessel function ; t, time of experiment [s];
i mass transfer factor; u, axial velocity (x direction) [m/s];
M,  molecular weight of diffusing species; u*,  dimensionless velocity = u/(op)?;
m, relative boundary layer thickness §/r,; X, distance along tube [m];
N,  mass flux [kg/m?s]; ¥, distance normal to wall [m];
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y*,  dimensionless distance normal to wall
=[(zo/p)*/1/p]y;

z*, dimensionless axial position = x/DRe.

Greek symbols

A dimensionless parameter;

AD, change in diameter [m];

d, hydrodynamic boundary-layer thick-
ness [m];

O mass-transfer boundary-layer thick-
ness [m];

8%,  dimensionless boundary-layer thick-
ness = [(to/p)*u/p]0;

7, relative increase in velocity of central
core (u; — Up)/tty:

2, dimensionless axial velocity = u/u,;

U, viscosity [Ns/m?];
P, density [kg/m*];

a, dimensionless axial position
— 4x/D Re;

T, shear stress [N/m?];

v, specific volume of solid sublimate
[m®/kg].

Subscripts
B, refers to burner;
b, refers to average;

M, refers to model;

0, refers to wall (y = 0);

s, refers to surface ;

9, refers to outside of boundary layer.

1. INTRODUCTION
THE ADVENT of natural gas in Great Britain and
the consequent conversion and redesign of
appliances to burn it has re-awakened interest
in the effects on flame stability of the aero-
dynamics of the flow of fuel/air mixture through
burner ports. Recent papers [1, 2] have drawn
attention to two alternative criteria for the
stability of these flames with respect to blow off.
Both criteria involve the velocity gradient, and
hence the shear stress, at the wall at the exit of
the burner port. The “boundary velocity gra-
dient” theory of Lewis and von Elbe [3] uses
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the velocity gradient at the wall to characterise
the velocity in the stabilising region at which the
fluid velocity and local burning velocity are
equal. The theory of blow-off developed by Reed
[1 Jjassumes that quenching and finally blow-off
is due to excessive flame stretch caused by the
shear flow in the boundary layer. Reed relates
the amount of stretch to the velocity gradient at
the wall through a flame stretch factor and it is
suggested that when this exceeds a certain value
the flame blows off. These theories and their
respective merits will not be discussed further
here, but if either approach is to be used for
problems of burner design an accurate value for
for the velocity gradient, and hence the shear
stress, at the wall of burner ports is essential.

Industrial burner ports are produced in a
variety of lengths, flow areas and cross-sectional
shapes. The burner may be a single port or
more usually a multiplicity of ports of the same
or different size and shape. The entrance to the
ports is generally sharp and the aerodynamics
of the mixing chamber uncertain. Therefore the
theoretical calculation of the shear stress at the
exit of the port or ports is possible only in a
limited number of instances. An experimental
method is therefore required to measure either
the velocity profile adjacent to the wall or the
local shear stress. Various methods have recently
been reviewed by Brown and Jourbert [4].

Direct measurement of velocity profiles can
be made using micro-pitot tubes, hot wire
anemometer probes or flow visualization tech-
niques. These methods may be unreliable when
applied to industrial burner ports, which are
comparatively small and where the boundary
layers are exceedingly thin.

Velocity gradients at the wall may be measured
using Preston tubes [5, 6] which are small round
pitot tubes resting on the wall of the duct. These
tubes have been used extensively but their
construction and calibration is tedious and they
would be unsuited to small diameter ports.

Wall shear stress may be determined directly
by measuring the force exerted on a small
element. Methods have been described by
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Dhawan [7], Smith and Walker [8] and Brown
and Jourbert [4] amongst others, but the equip-
ment is extremely delicate and insufficiently
versatile to use for burner port measurements.

The shear stress may be determined indirectly
by measuring the local heat or mass-transfer
coefficient and then applying the analogies
between heat, mass and momentum transfer.
Local heat-transfer coefficients can be measured
using thin film heated elements as described by
Brown [9] and by Bellhouse and Schultz [10],
and these should be suitable for the determination
of wall shear stress in burner ports. However
prior experience with the use of mass-transfer
techniques for modelling convective heat trans-
fer has led to the adoption of a mass transfer
method in the present case. Local mass-transfer
coefficients can be measured by a number of
methods, and two of these have been employed
by the authors and their colleagues. The two
methods are an electrolytic technique, based
on the measurement of the limiting diffusion
controlled current to a nickel cathode, and a
technique based on the sublimation of an organic
solid, naphthalene or para-dichlorobenzene,
into air.

Mass-transfer techniques may be used to ob-
tain the local shear stress in two distinct ways.
Firstly, small mass transfer areas enclosed by
by non-transfer surfaces, may be used as the
analogue of the heated film and shear stress
probes. This method is particularly suited to the
electrolytic technique, and has recently been
described by Son and Hanratty [11]. Secondly,
the walls of the whole duct may be used as the
mass transfer surface and the local shear stress
calculated simply from the Chilton—Colburn
analogy. The sublimation technique used in this
way is particularly simple and has been adopted
in the present case. It is considered that this
method should be widely applicable to develop-
ing flow in ducts of uniform but arbitrary cross-
section. The principal advantage is that it
can produce results relatively quickly with the
minimum use of complex techniques and equip-
ment.
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Measurements have been made in short
ducts of circularcross-section with both a sharp
and a rounded entrance. Although it is true
that the majority of burner ports have sharp
entries, ducts with rounded entries have also
been investigated because they are more amen-
able to theoretical analysis and there could be
special circumstances in which burners with
ports of this type were required. The use of
such ports might be expected to result in much
lower velocity gradients and thus increase the
burner throughput before the onset of insta-
bility. This paper presents the theory of the mass
transfer method and compares the experimental
results for both sharp and rounded entry tubes
with values of local shear stress predicted by
various theoretical solutions.

2. RELATIONSHIP BETWEEN SHEAR STRESS
AND MASS-TRANSFER COEFFICIENT

The differential equations and their boundary
conditions for momentum and mass transfer
across a boundary layer between a moving fluid
and a solid surface are similar in cases of zero
or small pressure gradients and mass transfer
rates. The solution of these equations and hence
the velocity and concentration profiles would
therefore be expected to be similar and may be
given by the general polynomials

u y "N N
C -, y y\? AN
Ca_cs=a<5_c>+b<6—c> +C<6—c> +(2)

Differentiating these equations and defining a
mass-transfer coefficient as

oC
N=-D, (ﬁ) _
0y /o

we obtain

—hp(Cs—-C) (3

@
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Provided the momentum and mass-transfer
boundary-layers originate from the same posi-
tionthe ratio of their thicknesses can be assumed
to be given by

=S¢, )

| &>

In some simple cases this last assumption may
be verified by solution of the differential equa-
tions or substitution into the boundary layer
integral equations. Then

Ou hp o 4
<6y>0 = u,,Dv. Sc™*. 6)

Equation (6) can be converted to dimension-
less form by multiplying by upu3 to give

<@> H _toga %

oy /o pui — us

In the case of interiial flows it is generally
inconvenient to work in terms of the velocity
and concentration at the edge of the boundary
layer. In cases in which the displacement thick-
ness is small in comparison with the characteris-
tic dimension of the flow, these quantities may be
replaced by the average velocity and concen-
tration, defining the mass-transfer coefficient
accordingly. Equation (7) then becomes

ou\ u  hp
— | — =-28ct 8)
(‘%’)0 pup
or
o - ho gt 9)
puy Wy
This equation is usually written as
S
5 =1 (10)

The final equation has also been obtained
empirically and is the basis of the Chilton—-
Colburn analogy between mass transfer and fluid
flow. The assumptions that have had to be made
to derive it theoretically limit its range of applica-
bility. The restriction to small pressure gradients
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confines equation (8) to such cases as flat plates
and ducts of constant cross-sections in the
absence of flow separation. The restriction that
the displacement thickness shall be thin, elimi-
nates such cases as fully developed laminar
flow. So far as burner ports are concerned the
analogy is valid in two important situations.
In the first case it is valid in the hydrodynamic
entry region of an internal flow where the
boundary layers are still thin, and this will apply
to the majority of burner ports. In the second case
the analogy is applicable to fully developed
turbulent flow. It is worth noting that local mass
or heat transfer elements may be used over a
wider range of conditions. However, for these
probes the shear stress is proportional to the cube
of the measured mass or heat-transfer coefficients.
Experimental errors are therefore more signifi-
cant than in the present method where the shear
stress is directly proportional to the mass-
transfer coefficient.

To relate the shear stress in a mass-transfer
model to that in a burner port or duct which the
model represents, the usual methods of dimen-
sional analysis can be used to give

e
3y, puy p D)

The first term in the right-hand side of this
equation is the length Reynolds number, Re,.

(1)

Then
il =[G
—} =] =ll=) = (12)
[<0y>o pup |y 0y /o ptis |,
when
[Rex]M = [Rex]B
and

5. = (5]
D hIM D h B.
In the case of circular tubes the hydraulic

diameter in this equation is of course equal to
the tube diameter, D.
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3. EXPERIMENTAL

The experimental technique has been de-
veloped and tested using short tubes of circular
cross-section. In this case the local shear stress
averaged around the circumference of the tube
at the exit is determined simply by obtaining
the mass-transfer coefficient from the increase in
diameter of the tube during the experiment.

Model burner ports were made by casting
purified molten naphthalene or para-dichloro-
benzene into split cylindrical polished brass
moulds of various length to inside diameter
ratios. An attempt was made to ensure that the
crystal structure of the subliming solid was
constant for every model by always pouring
the liquid at the same temperature into a cold
mould. The pouring temperature was that at
which crystals of solid first began to form on the
surface of the melt. When cold the cast tube was
removed from the mould and its average in-
side diameter at one end measured to the nearest
micron using a micrometer microscope. The
tube was then placed on the air distribution box
as shown in Fig. 1, with its measured diameter
uppermost. Air was passed through the tube,
to simulate the flow of cold fuel/air mixture in
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the burner. The air temperature was noted to
the nearest 0-1°C every 10 min and averaged over
the duration of the experiment. After a period
ranging from 1 to 3 h the tube was removed from
the air box and its diameter remeasured.

Experiments were made using tubes of 1:90
c¢m dia. with both rounded and sharp entries.
The rounded edge ports were made by using
mould cores which had been machined to the
desired shape, the curvature being formed from a
quadrant of a circle whose radius was half the
radius of the tube. The length of each tube was
taken as the distance between the entrance and
exit planes. The sublimation of the solid in-
evitably causes the tube dimensions and inlet
conditions to change continually. In particular
a sharp entry will become rounded. Sharp
entry tubes were therefore ground flat before
each experiment and a newly cast tube used as
soon as the inlet conditions of any tube became
significantly changed.

The time during which air was passed through
the model was chosen to ensure an increase in
diameter of about 300 w. For low flow rates and,
consequently, low transfer rates, para-dichloro-
benzene was used as the subliming solid and for

; .
Perspex tube 'S /3 x 3 in. Naphthalene model
support for model Q (round edged port)
r% ] Perspex lid
[ N
=
Th t / | ft square
ermeueter Izin. 1 steel box
= ; 6in.
Perforated grid
64 x%in. holes)
;:::: [==F == N ] z::n:n:L_—‘_‘ 12 in.

—

).

-
Capillary bulb
for temperature

6in. square|
baffie

recorder

15

iin. 1.D. steel
entry pipe

12

in:

FiG. 1. Diagram of apparatus.
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higher flow rates naphthalene was used. The
choice of solids was such that the duration of an
experiment was restricted to a period of 1-3 h.
The measurements of the diameters were made
as quickly as possible to avoid errors due to the
natural sublimation of the solids into the atmo-
sphere. Experiments on the rate of natural con-
vection showed that the losses were negligible
compared with an increase in diameter of 300 p
when the total time taken to measure the dia-
meter before and after the experiment was 3 h.

The total weight loss from the inside of the
tube was recorded during each experiment. The
corresponding partial pressure of sublimate in
the air stream was calculated and found to be
negligible compared with the saturated vapour
pressure at the air temperature.

4. CALCULATION OF MASS-TRANSFER
COEFFICIENT AND SHEAR STRESS

The mass-transfer coefficient is calculated from
the increase in diameter of the naphthalene or
para-dichlorobenzene tube from the equation

__@p
- Vztcs - Cb)

Assuming that the average concentration, C,,
is negligible compared with the surface con-
centration, C,, and expressing the surface con-
centration in terms of partial pressure, equation
(13) becomes

hp (13)

_ RT(AD)
D= yarMp,

(14)

The vapour pressure of para-dichloroben-
zene has been measured by Darkis et al. [12]
who give the equation

357
log,o ps = 11985 — —5T—0

(15)

These measurements have been confirmed by
Bedingfield and Drew [13], Roark and Nelson
[14], Walsh and Smith [15] and Adams and
McFadden [16] The International Critical
Tables give vapour pressure data which are
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3040 per cent lower than those represented by
equation (15).

The vapour pressure of naphthalene has been
measured by Sherwood and Bryant [17] who
give the equation

3765
logyop, = 1155 — —5

(16)

Christian and Kezios [18] analysed data from
severalsourcesand presented anexpression which
is in good agreement with equation (16).

In order to calculate the shear stress from the
mass transfer coefficient the Schmidt number
and hence the diffusivity must be known. There
appears to be no direct measurement of the
diffusivity of either para-dichlorobenzene or
naphthalene in air quoted in the literature.
Ricetti and Thodos [19] calculated the diffusi-
vity of para-dichlorobenzene according to an
equation of Hirschfelder, Curtiss and Bird [20]
and obtained a diffusion coefficient of 7-15 x
10~° m?/s and a Schmidt number of 2-24 at 28°C.
Bedingfield and Drew [13] used the Gilliland
equation to calculate a diffusivity of 589 x 107°
m?/s and a Schmidt number of 2-23 at 0°C. For
the calculations described in the paper the
Schmidt number of the para-dichlorobenzene/
air system has been taken to be constant at 2-24.

Christian and Kezios [18] used the Gilliland
equation to calculate the diffusivity of the
naphthalene and air system. Sherwood and
Trass [21] used equations given by Hirsch-
felder et al. [20] to calculate the diffusivity and
viscosity, and the ideal gas law to calculate the
density. They then obtained the following
expression for the Schmidt number of the naph-

thalene/air system
Sc = 7803 T~ %183, (17)

This equation has been used to calculate
the results discussed in this paper:

5. THEORETICAL SOLUTIONS FOR LAMINAR
FLOW IN THE ENTRANCE REGION OF TUBES
WITH CIRCULAR CROSS-SECTION

Numerous applications of the equations of
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motion to laminar flow in the entrance regions
of tubes have been reported in the literature,
and the solutions described below are usually
accepted as being amongst the most reliable.
These solutions were originally expressed in
terms of velocity profiles and apparent friction
factors, and from them the corresponding
values of local shear stress have been derived.
The equations below express the product of the
local friction factor and the Reynolds number
as a function of a dimensionless length factor.
The local shear stress is then obtained from:

fRe = 2D1:0.

Upld

The corresponding velocity gradient at the
wall is obtained from

2D<6u)
e =—|—
f Uy, \0y/o

Thedimensionlessgroup f, Re has a value of
16 for fully developed laminar flow.

(18)

(19)

5.1 Langhaar solution
Langhaar [22] linearised the momentum
equation for laminar flow to the form

o*u + *u
ox? ' 0y?
where a and f are functions of x alone.

The solution of this equation gives the velocity
profile in the form

A= [To(y) — Lo(y@) )/ 1o(y) 21)

where 4 is a dimensionless axial velocity, g a
dimensionless radial position and y a dimen-
sionless parameter which is a function of a
dimensionless axial co-ordinate . The para-
meter ¢ is defined by

—Pu=ua (20)

- = 4L
" DRe

The local friction factor, and hence the shear
stress, is given by

_
JRe =7 i

(22)

[3(y) — 1)) (23)
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Langhaar evaluated y for a range of values of
o and these have been used to calculate the
corresponding friction factors from equation (23).

5.2 Schiller solution

Schiller [23] developed an integral method in
which the velocity profiles were assumed to be
straight line segments terminated by para-
bolic arcs. The solution was obtained by apply-
ing the momentum equation to the whole body
of the fluid and the Bernoulli equation to the
central core. The local friction factor is given by

81 +#n)

fRe = Y
2 <4 - 6—"-)

1+1

where 7 is a dimensionless central core velocity
given by

Uy — Uy

n= (25)

Uy

Schiller evaluated # as a function of the di-
mensionless length parameter ¢ and these values
have been substituted into equation (24) to
obtain the corresponding friction factors.

5.3 Campbell and Slattery solution

Campbell and Slattery [24] improved the
Schiller solution by taking into account viscous
dissipation which Schiller had ignored. The
macroscopic mechanical energy balance (rather
than the Bernoulli equation), was applied to
the central core. The local friction factor is then
given by

48

SRe = o —am+ )

(26)

where m is the dimensionless boundary-layer
thickness defined by

m = 5/r,. @7

Campbell and Slattery evaluated m for various
values of x/DRe and these values have been used
to calculate f,Re.
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5.4 Shapiro, Siegel and Kline solutions

Shapiro et al. [25] followed Schiller in neg-
lecting viscous dissipation but used more refined
forms for the assumed velocity profile. The boun-
dary layer velocity profile was assumed to
transform, as the boundary layer thickens, from
a velocity profile characteristic of flow over a
flat plate to a parabolic profile which is charac-
teristic of fully developed flow. Two forms of the
flat plate velocity profile were assumed. These
were the cubic parabola and the Polhausen
velocity profile.

From the cubic parabola assumption the
local friction is given by

3 120(m + 3)
~ m(60 — 45m + 1Tm? — 2m®)’

f<Re (28)
From the Pohlhausen velocity profile assump-
tion the local friction factor is given by

~ 240
" m(30 — 18m + 2m® + md)

where m is again the dimensionless boundary-
layer thickness defined by equation (27).
Shapiro et al. evaluated m for a range of
values of x/DRe for both velocity profile assump-
tions and these values have been used to calcu-
late the corresponding local friction factors.

fiRe

(29)

5.5 Comparison of solutions

The local friction factors predicted by the
different theories have been calculated by the
authors and the results tabulated elsewhere [26].
A comparison of the predictions is shown graphi-
cally in Fig. 2 where the product of the local
friction factor and the Reynolds number is
plotted against the parameter Re D/x. The
agreement between the integral solutions is
close but they differ significantly from the
differential solution of Langhaar. It is worth
noting that when the various solutions are
compared in terms of pressure drop and velocity
profile the agreement between them is much
closer than is the case when wall shear stress is
the basis for comparison.
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FiG. 2. Solutions for local friction factors—laminar flow.

Many authors [22, 24, 25, 27] have compared
the theoretical solutions with each other and
with experimental results. However, these com-
parisons have been confined to pressure drop
and velocity profile and in these respects no
conclusive evidence has been presented for the
superiority of any one solution over the others.

6. SOLUTION FOR TURBULENT FLOW IN THE
INLET REGION OF TUBES WITH CIRCULAR
CROSS SECTION

The developing turbulent boundary-layer
in the inlet region of a circular tube has been
considered by Deissler [28], who gives the
following boundary layer integral equations

uird
X 16% 1
== 5502 —38%/rg)us
D li4r+ +
ef2 0 "o
5+
- Z‘.TSS ut(rg — y+)dy+] drguy)
0
1 { [N
+i5r—+—2d[g (g —ut)u*(rg — y*)dy*]-
0 )
(30)
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D4
+

ut(rg —y")dy”

=]

ot o AHy2
+ M‘ (31
o
These equations may be solved, if the velocity
profile is specified, to yield values of x/D for
chosen values of Re and 8. The corresponding
local friction factor is then calculated from the
foliowing equation

r0+2 1
fRe = 2. (32
The velocity profile suggested by Deissler is
obtained from two separate equations for the
laminar and turbulent layers. Spalding [29]
has suggested the following continuous equation

to fit the entire boundary layer

2
yt=ut +é[€k“*— 1 —ka“’-(k;)
k +33 ku+4

where k = 0-407 and E = 10.

Equations {30)33) have been solved numeri-
cally for a range of Reynolds numbers and x/D
ratios. The results have been tabulated [26]
and are shown as solid lines in Fig. 3, the para-
meter of the curves being the Reynolds number.
Also shown in the figure, as broken lines, are the
friction factors given by the Blasius equation for
fuily developed turbulent flow.

fRe = 00792 Re® 7%, (34)

The Deissler solutions are asymptotic to this
equation at large x/D ratios above Reynolds
numbers of about 6 x 10

The Deissler solution was derived for the
case where the boundary layer is turbulent
throughout the tube. Deissler points out that for
flow in which the boundary layer is partially
laminar, or for cases in which there are large
disturbances at the entrance, such as might be

1021

1000

oo —=gY

fxﬁe

F1G. 3. Solution for local friction factors—turbulent flow.

caused by a right angled-edge entrance, the
analysis may not be correct.

7. RESULTS

Experiments were carried out using tubes of
190 cm dia. with length to diameter ratios of 4, 2
and 4. Length to diameter ratios of about one
halfrepresent the shortest ports that are generally
encountered in industrial practice although the
majority of burner ports formed by drilling
circular holes in standard sizes of metal tubing
will have length to diameter ratios in the range
1-4. The experimental results are shown in
Figs. 4-6 where the j factor for mass transfer
(f/2) is plotted against the length Reynolds
number. Also included in these figures are lines
indicating the theoretical solutions for develop-
ing laminar and turbulent flow in tubes. The
Campbell and Slattery analysis is used to typify
the various laminar flow solutions, and the
Deissler solution is shown for turbulent flow.
The agreement between the results obtained
using naphthalene and para-dichlorobenzene is
good in the region in which they overlap. For
the sake of clarity no distinction is made in
Figs. 4-6 between the results obtained using the
two solids.
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8. DISCUSSION

The most striking feature of Figs. 4-6 is the
difference between the results for tubes with
sharp and rounded entries and these two cases
will be discussed separately.

The results for the rounded entry tubes show
a marked transition to turbulent flow at length
Reynolds numbers ranging from 3 x 10* to 10°.
These values are generally lower than those noted
by Shapiro and Smith [30] who found transition
at about Re, = 10° for both air and water.
However, transition is affected by initial tur-
bulence level and entrance shape as well as by
the Reynolds number. Hot wire anemometer
measurements showed that the free stream
turbulence intensities were of the order of 1-2
per cent.

The results for laminar flow through the
rounded entry tubes with x/D ratios of 2 and 4
are close to the relevant theoretical solutions,
but the scatter of the results is as great as the
differences between the solutions and no con-
clusion can be drawn as to which solution is to be
preferred. The results for laminar flow through
tubes with x/D ratio of 4 are parallel to the
theoretical solutions but considerably lower.
For tubes as short as these the curved entry
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becomes important and it may be argued that
the length term should not be taken as the dis-
tance between the inlet and exit planes. If based
on the length of the constant cross section por-
tion of the tubes then the agreement between
the theory and the experiments becomes even
worse and it is only marginally better if the
length of the flow path is taken as the charac-
teristic dimension. The experimental results for
the tubes with x/D ratio of 4 consequently cast
doubt on either the mass transfer analogy or the
theoretical solutions for very short tubes. Un-
fortunately both the solutions and the analogy
are less liable to be valid in this region. The
theoretical solutions ignore radial velocity com-
ponents produced both by the curved entry and
also by normal boundary layer growth. Various
finite difference procedures for solving the
Navier-Stokes equations taking into account
radial velocity components have been proposed
[31, 32] and these may be more applicable than
the boundary layer integral methods close to
the tube entrance. The mass transfer analogy is
liable to break down near the entrance due to
the existence of pressure gradients which may
not be negligible in this region. The experi-
mental results show that there is very little in-

\\.
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F16. 4. Experimental results, length to diameter ratio 3.
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crease in mass transfer rates over the x/D range
of 44

When the flow through the rounded entry
tubes becomes turbulent the results agree well
with the Deissler solution for developing tur-
bulent flow. It would be expected that the analogy
is most valid under these conditions and the

agreement between theory and experiment is
encouraging.

The results for the sharp entry tubes indicate
turbulent flow over a wide range of Reynolds
numbers. The turbulence is undoubtedly pro-
duced by flow separation at the sharp corner
followed by reattachment some distance down-
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stream. Reattachment probably occurs about
one diameter from the entrance [33]. For
the tubes of length 2 and 4 diameters therefore
the exit conditions are those of a developing
turbulent boundary layer under which cond:-
tions the mass transfer analogy would be ex-
pected to be valid. The experimental results for
for these tubes are close to but slightly higher
than those predicted by Deissler for turbulent
flow. They are also a few per cent higher than the
equivalent turbulent flow results for the rounded
entry tubes. This would be expected since the
turbulent boundary layer grows from the point
of reattachment and not the tube entrance for
sharp entry tubes. It would appear that although
Deissler’s solution neglects separation it still
predicts wall-shear stress fairly well at 2 and 4
diameters from the tube entrance despite separa-
tion and reattachment having occurred.

In the case of sharp entry tubes with a length
to diameter ratio of } there is some evidence
of either transition from laminar to turbulent
flow or the onset of separation at a length
Reynolds number of about 1500. At higher
Reynolds numbers it is probable that reattach-
ment does not occur before the tube exit is
reached. The mass-transfer results were therefore
obtained in uncertain flow conditions which may
vary with Reynolds number. In some cases the
flow will be reversed and hence these results
must be treated with caution. It is apparent
that a closer understanding of conditions at the
wall for flow through sharp entry tubes would
require measurements of wall static pressure and
flow visualisation.

Thus far, the method has been applied only to
ducts of circular cross-section, in order to test
its validity. The method was however, developed
for the purpose of measuring the shear stress
under entry conditions in cases where the
theoretical solutions are less certain; these
include tubes of more complex cross-section,
¢.g. triangular ducts, and situations in which the
entrance conditions are non-uniform. In these
circumstances many more measurements of
the change in tube dimensions are required to

R. M. DAVIES and D. M. LUCAS

determine local mass-transfer coefficients. If the
measurements are made directly on the mass
transfer models then the error resulting from
natural sublimation can be excessive. For this
reason it is suggested that the end of the tube be
photographed and the change in dimensions
obtained from measurements on the negative

9. CONCLUSIONS

The method described in this paper gives a
clear indication of transition from laminar to
turbulent flow conditions. In rounded entry
tubes the flow remained laminar in the cases
investigated up to length Reynolds numbers of
about 10°. In this régime the wall shear stresses
calculated from the mass transfer results agree
fairly well with the theoretical solutions for
x/D ratios of 2 and 4 but lie lower than the
theoretical solutions for tubes with x/D ratio
of 3. Unfortunately the precision of the experi-
ments in the laminar regime is not very high
and the scatter of the results is as great as the
differences between the various predictions.
After transition to turbulent flow the experi-
mental results for the rounded entry tubes are
close to Deissler’s solution for this case.

In the case of tubes with a sharp entry the flow
is turbulent over a wide range of Reynolds
numbers. Under these conditions the results
again agree well with the Deissler solution
despite the probable occurrence of separated
flow. The results for x/D = }, however, must
be treated with some reserve since it is not certain
that the mass-transfer analogy is valid under these
conditions.
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MESURE DE LA CONTRAINTE LOCALE DE CISAILLEMENT DANS DES ORIFICES DE
BROLEURS ET D’AUTRES CONDUITS COURTS PAR UNE TECHNIQUE DE TRANSPORT
DE MASSE

Résumé—La contrainte locale de cisaillement & la cortie d’un orifice de brileur a travers lequel un mélange
combustible/air s’écoule avant la combustion a une influence considérable sur la stabilité de flamme.
Pour cette raison, une méthode a été élaborée pour mesurer la contrainte locale de cisaillement pour
I’écoulement & travers des brilleurs et d’autres conduits courts dans les cas ol cette quantité n’est pas
calculable. Un modéle de Porifice est moulé dans du naphthaléne ou du paradichlorobenzéne et I’écoule-
ment combustible/air & travers le briileur est simulé en soufflant de I’air & travers le modéle. Le coefficient
de transport de masse a la sortie de |’orifice du modéle est mesuré a ’aide d’une technique profilométrique
et reliée 4 la contrainte de cisaillement dans le brilleur en employant ’analogie entre le transport de masse
et celui de quantité de mouvement.

La technique a été essayée en mesurant la contrainte de cisaillement a la sortie de tubes courts de section
circulaire et en comparant les résuitats avec les solutions théoriques. Deux types de tubes ont été étudiés,
ceux avec une entrée aux arétes vives et a angle droit et ceux pour lesquels 'entrée a été arrondie. L’écoule-
ment & travers les tubes avec une entrée arrondie restait laminaire jusqu’a un nombre de Reynolds basé
sur la longueur d’environ 103 et, dans cette région, excepté pour les tubes étudiés les plus courts, les résultats
expérimentaux étaient en bon accord avec les solutions théoriques pour un écoulement laminaire en train
de s’établir. Aprés la transition vers 1’écoulement turbulent, les résultats expérimentaux étaient en bon
accord avec la solution de Deissler pour ce cas. L’écoulement a travers les tubes avec une entrée aux arétes
vives était turbulent dans une large gamme de nombres de Reynolds et ces résultats expérimentaux étaient
aussi en bon accord avec la solution de Deissler.

On peut conclure que la technique expérimentale décrite est d’une précision suffisante pour les buts
pour lesquels elle avait été établie, pourvu que son emploi soit restreint aux conditions dans lesquelles

I’analogie entre le transport de masse et celui de quantité de mouvement est valable.

MESSUNGEN DER ORTLICHEN SCHUBSPANNUNG IN BRENNEROFFNUNGEN
UND ANDEREN KURZEN KANALEN MIT HILFE DES STOFFUBERGANGS

Zusammenfassung—Die lokale Schubspannung am Austritt eines Brennerkanals, durch den ein Brennstoft-
Luft-Gemisch zur Verbrennung stromt, hat einen betrichtlichen Einfluss auf die Flammenstabilitat.
Darum wurde eine Methode entwickelt um lokale Schubspannungen bei Strémungen in Brenner6ffnungen
und anderen kurzen Kanélen in solchen Fillen zu messen, wo die Berechnung versagt. Aus Naphtalin oder
Paradichlorbenzol wurde ein Modell des Kanals gegossen, und die Brennstoff-Luft-Strémung durch den
Kanal wurde im Modell ersetzt durch einen Kuftstrom. Der Koeffizient des Stoffiibergangs am Austritt des
Modellkanals wurde mit Hilfe einer profilometrischen Technik gemessen und unter Benutzung der
Analogie zwischen Stoff- und Impuls-Austausch in Beziehung gesetzt zur Schubspannung im Kanal.

Die Methode wurde durch Messung der Schubspannung am Austritt von kurzen kreisrunden Rohren
und durch Vergleich dieser Ergebnisse mit theoretischen Losungen getestet. Es wurden zwei Rohrtypen
untersucht, solche mit einem scharfen, rechtwinkeligen Eintritt, und solche, bei denen die Miindung
gerundet war. Die Strémung durch die Rohre mit abgerundetem Eintritt blieb laminar bis zu Reynolds-
zahlen (gebildet mit der Rohrlinge) von etwa 10® und in diesem Bereich stimmten mit Ausnahme der
kiirzesten untersuchten Rohre, die experimentellen Ergebnisse ziemlich gut mit den theoretischen Lésungen
der laminaren Anlaufstromung iiberein. Nach dem Ubergang in turbulente Strémung stimmten die
experimentellen Ergebnisse gut mit der Lésung von Deissler fiir diesen Fall iiberein. Die Strémung durch
die Rohre mit scharfkantigem Eintritt war iiber einen weiten Bereich der Reynoldszahlen turbulent und
auch diese experimentellen Ergebnisse waren in guter Ubereinstimmung mit der Lésung Deisslers.

Man kann daraus folgern, dass die beschriebene Experimentiertechnik fiir den beabsichtigten Zweck
von ausreichender Genauigkeit ist, wobei zu beriicksichtigen ist, dass die Anwendung auf die Fille

beschriinkt ist, bei denen die Analogie zwischen Stoff- und Impulsaustausch giiltig ist.

U3MEPEHUE JIOKAJIbHOI'O HANPAKEHUA CIABUTA B OTBEPCTUAX
IF'OPEJIOK U B APYI'HX ROPOTHUX TPYBOIIPOBOJAX C IIOMOIIbLIO
INEPEHOCA MACCHI

AunHoranusa—/J/loOKadbHOE HANpAMKeHUe COBATA HA BHIXOJle U3 OTBEPCTUA TOPEJNIKU, 4yepes
KOTOpOe MNPOXOZUT CMeCh TOINIMBA C BO3AYXOM [0 HACTYIUIeHMA TIOPeHMA, OKa3hiBaeT
3HAYNTEJIbHOE BIMUSAHME HA CTAGMIIBHOCTh IJIaMeHN. B cBABM ¢ sTuM paspaboraH MeTop
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WU3MepeHNs JIOKAJIbHOr0 HANPAMHKeHUA CBUra [JA TeYeHNA Yepes ropesIKy U Apyrie KOpOTKHe
Tpy6onmpoBOAH B TeX CIy4aAX, KOTJA 3Ta BeJMYMHA He MOAJaeTcA pacderam. Mopeins
OTBEPCTHH OTIMBAJAch B HadTanmHe wau napaguxiopleHsnHe, M NOTOK TOILINBA/BOBJYXa
qepe3 ropesIki MMUTHPOBAJICA NPOLYyBaHeM BO3/lyxa yepe3 monenb. Hoapdunuent nuddysnn
Ha BBIXOJe M3 MOJEIN OTBEPCTUA UBMEPANM MPOPUIOMETPHUECKUM METONOM M OTHOCHJM ero
K HANpPMMEeHHMI0 CABUra B ropejke, MCHONAb3YA aHAJOrMI0 MeKAY HepeHOCOM MAacCH M
Konu4ecTBa ABMKeHMA. ( I[eNb0 NMPOBEPKU Pe3yJbTAaTOB NPOBOXUIOCH M3MEepeHMe HANp-
MeHMA CIBUIa Ha BHIXO/le N3 KOPOTKUX TPYBOK KpYIJI0ro IomnepevyHOro CedeHWs, M JAHHbLIE
CPaBHMBAJIMCH C Pe3yJbTaTaMu TeopeTuyeckux peweHmit. McciegoBamocy aBa tuma TpyGok :
C OCTPHIM TOJ OPAMBIM YIJOM BXOIOM M C 3aKPYIJIEHHHM BXogoMm. TeueHnme B TpyGke ¢
BAKPYIJIEHHEIM BXOOM OCTABAJOCh JAMUHAPDHHIM A0 B3HAYeHNA Kpurepusa Peitnoxasgca,
PACCUNTAHHOTO 1O AnuHe TPYOKH, 10 103 1 B TOM 06aaCTH, 33 UCKILIOYEHHEM CAMBIX KOPOTKHX
KOPOTKMX MCCIENOBAHHHIX TPYOOK, SKCIEPMMEHTAJbHLIE Pe3yJbTATEHL XOPOILO COrJIACOBH-
BQJIMCh C TEOPeTHYECKUMHM peHIeHMAMH JAJA pPasBUTOrO JaMuHapHoro Tedenus. Ilocie
repexofa K TypOyJIleHTHOMY Te4eHMIO KCIEePUMEHTAJIbHbIe Pe3yJbTATRl XOPOUIO COTIIACOBHI-
Basuch ¢ pemenuem [laitccmepa A manHoro ciaydaA. Tedenme uyepes TpyOKM ¢ OCTPHIM
BXOfioM ObIO TypOyJEHTHHIM B HIMPDOKOM [ManasoHe uuces PeftHombpca, M 8TH sKCHepu-
MeHTaJbHble Pe3ybTaTh TAkKiKe XOPOIIO COINIACOBHIBAIUCH C pelreHueMm [laitcciepa.
Mo:#HO cAienaTh BEIBOJ, YTO ONMMCAHHAA SKCIIEPMMEHTAJIbHAA TeXHIUKA ABIACTCA TOCTATOYHO
TOYHOM AJIA TeX Leself, LI KOTOPHIX OHA (bLIa paspafoTaHa, IpM YCIOBUH, YTO €€ HPUMEHEHHe
OrpaHAYEHO YCJIOBUAMM, B KOTOPHIX CIpaBefluBa AHAJIOTHA MEMAY MEPEHOCOM MACCH M
KOJMYeCTBA ABMKEHNUSA,
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