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Flow in Concentric Annuli a t  High 
Reynolds Numbers 

R. R. ROTHFUS, W. K. SARTORY, and R. 1. KERMODE 
Carnegie Institute of Technology, Pittsburgh, Pennsylvania 

A method is proposed and developed for predicting velocity profiles in smooth, concentric 
annuli at high Reynolds numbers from the profiles in equivalent tubes. Experimental data for 
the flow of water in two annuli with diameter ratios of 14.8 and 38.2 at Reynolds numbers up 
to 226,000 strongly support the predictions. Published data show the method to be successful 
over a very wide range of diameter ratios. 

The problem of flow in noncircular ducts is an old and 
di5cuIt one. When the motion is turbulent, it is cus- 
tomary to compare the fluid behavior with that in an 
equivalent tube. The practical problem is to find the 
proper conditions for comparison. 

Concentric annuli are especially interesting noncircular 
ducts for they have two continuous, easily described 
boundaries, each exerting uniform but different skin fric- 
tions on the fluid. As the diameter ratio passes to its limits, 
the configuration goes to a tube on one hand and parallel 

W. K. Sartory is with Oak Ridge National Laboratow, Oak Ridge, 
Tennessee. 

plates on the other. When an annulus is compared with 
a tube, it is therefore being compared with another type 
of annulus rather than an entirely different kind of duct. 

Barring unexpected complications, the rules governing 
flow in a tube have a good chance of applying generally 
to the portion of an annulus between the radius of maxi- 
mum fluid velocity and the outer wall. If the rules apply 
equally well to both the inner and outer parts of the an- 
nular duct, both sides of the maximum point can be re- 
lated to respective equivalent tubes through the same 
kind of generality. 

When ,the annular flow is entirely laminar, the radius 
of maximum veIocity is such that the comparison with 
tubular flow can be made by means of straightforward 
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geometrical transformations (4). It has been demonstrated 
that the same rules apply to turbulent flow provided the 
maximum point remains at its laminar position (5). At 
high Reynolds numbers, however, the maximum point lies 
appreciably closer to the core than it does in the laminar 
case (1 ) . Consequently, the appropriate transformations 
are more complicated. The present work extends the com- 
parison of tubes and annuli to high Reynolds numbers 
and supports the results with pertinent experimental data. 

DISTRIBUTION OF SHEARING STRESS 

When a fluid of constant properties flows steadily in a 
uniform, concentric annulus without extraneous forces, the 
absolute value of the shearing stress at the arbitrary 
radius r is 

where r ,  is the radius at which the shearing stress is zero. 
If there is a solid boundary at the radius rs, the absolute 
value of the skin friction is 

If the pressure gradient is independent of the radial posi- 
tion, the shearing stress is obviously linear in the hy- 
draulic radius R H  written on the portion of the stream 
between the radius of zero shear and the radius whese 
the shearing stress is measured. The profile of the shear- 
ing stress is unaffected by the type of flow and the equa- 
tions are equally valid for laminar or turbulent motion. 

DISTRIBUTION OF VELOCITY 

The relationship between the shearing stress and ve- 
locity gradient on the time-average basis can be expressed 
as 

( 3 )  

The eddy viscosity is best taken to be simply a parame- 
ter accounting for nonlaminar stresses. If E is to be zero 
or positive, the radius of zero shear r,,, must also be the 
radius of maximum velocity. Brighton and Jones have 
confirmed this experimentally (1 ) . 

When the eddy viscosity is expressed in terms of the 
local velocity, Equations (l), ( 2 ) ,  and ( 3 )  can be com- 
bined and integrated between r, and r or r,,, as the case 
may be. It is convenient to introduce the average of E 

taken on the velocity u over the portion of the stream 
covered by the integration. By calling the average EO, the 
integral equation for the portion between r, and r is 

(4 )  
Similarly, over the whole distance between r, and rm 

( l + g > u m  

For a tube, amS = 2 and ( @ / @ m ) s  = 1 - (r/ro)2; for 
parallel piares with half-clearance b, CP,,,~ = 1 and (@/@m)s 

= 1 - (r /b)2.  
Combining Equations (4)  and (5), one obtains 

Within a given stream, the reduced velocity profile is 

- 

-- (=Is 
urn (l+$) 

and if the flow is everywhere laminar, then, of course 

Urn S 

(7) 

Equation (8) is simply a concise form of the usual lam- 
inar equation and it proceeds to the proper limits of para- 
bolic flow for tubes and parallel plates. 

CONDITIONS OF COMPARISON 

nular flow as 

This reduces to the usual Reynolds number for tube flow 
when rl /r2 = 0. It  is also appropriate to define the Fan- 
ning friction factor at either surface of the annulus in 
the usual manner, namely 

It  is convenient to define a Reynolds number for an- 

NRes = 2 Q ~ ~ R H ~  v P / p  (9) 

rsgc = ( fs /2)P v2 (10) 
With these substitutions, the right-hand side of Equa- 

tion (6) becomes 

When one smooth tube is compared with another, it is 
well known that the reduced velocity profiles are coinci- 

dent when ( 1  + e) is the same. In other words U/U, 

in Equation ( 7 )  is a particular function of (@/am), alone. 
This suggests that coincident reduced profiles may be 
found in annuli of any diameter ratios provided they are 

compared at equal . If, in addition, the maxi- 

mum velocity is held constant, coincidence of the absolute 
local velocities should result. 

1 + - ( €:> 
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Fig. 1 .  Position of maximum point in annuli at high Reynolds numbers. 
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Fig. 2. Comparison of predicted and experi- 
mental velocities in the annulus with radius 
ratio of 14.8 (solid line indicates predicted 

profile). 

Equation (11) indicates that the stated criteria are 
met whenever 

and 

and 

The last three equations summarize the conditions of 
comparison adopted in the present work. Taken together 
they assert that equal local velocities occur in smooth 
annuli at  equal values of (Q/@,)~ whenever the maxi- 
mum velocity, the friction velocity, and the Reynolds 
number based on the maximum velocity are separately 
equal. 

dK (v/u,) = constant (12) 

N R e s  dc.C N R ~ ~  (Um/V) = Constant ( 13) 

urn = constant (14) 

RADIUS OF MAXIMUM VELOCITY 

point is situated at the radius: 
When the annular flow is wholly laminar, the maximum 

( r m ) ~  = [ ( ~ 2 ~  - r12) /2  In ( d r ~ ) ] ~ ’ ~  (15) 
where r1 and r2 are the inner and outer radii of the an- 
nulus, respectively. The corresponding ratio of the skin 
frictions is 

The subscript L is simply a reminder that the radius of 
maximum velocity has its laminar value. Equation (16) is 
equal1 valid for turbulent flow provided the maximum 

In turbulent flow, the radius of maximum velocity de- 
pends on both the annular size and the Reynolds num- 
ber. In general, the maximum point moves inward toward 
the core as the Reynolds number is increased. Although 
the influence of Reynolds number is greatest in the lower 
turbulent range, the maximum point is not far from 
(rm)L on the average. In the higher turbulent range, on 
the other hand, the maximum point is almost independent 
of the Reynolds number but the radius of maximum ve- 
locity is considerably less than the laminar value. The 
data of Brighton and Jones (1) indicate that at high 
Reynolds numbers 

point g appens to be at the laminar position. 

= ( ;)a.2a (17) 
2 ( r m  - r l )  

(r2 - r1) 

The ratio of skin frictions is 

It is useful to note that when the flow is entirely lami- 
nar, the skin frictions are related by the equation 

( Q ~ I ) L  ( R H ~ ) L  (71gc)L = (Qrn2)L ( R H 2 ) L  ( ~ g c ) ~  

(19) 
which is merely Equation (6) applied to both the inner 
and outer portions of the stream simultaneously. There 
are no fully laminar situations involving a single fluid for 
which the radius of maximum velocity can be other than 
( r m ) ~ .  If the maximum point were at some other position 
such as r,, say, the skin frictions would have to stand in 
a ratio different than the actual one. It is convenient, 
however, to imagine a hypothetical case of laminar flow 
in which the actual skin friction r2gc is exerted at the 
outer surface and the maximum point is at rllL instead of 
( T , ) L .  This requires a fictitious skin friction ( 7 1 g c ) F  at 
the core such that 

Qml R H ~  ( 7 l g c ) F  = a m 2  R H ~  72gc (20) 
If the actual laminar flow is compared with the hypotheti- 
cal laminar flow under the same skin friction at the outer 
wall, it follows that 

When the radius of maximum velocity is independent of 
the Reynolds number, the ratio of the actual and fictitious 
skin frictions at the core is therefore a function of the 
annular geometry alone. Consequently, Equation (21) is 
just as valid for turbulent flow at high Reynolds numbers 
as it is for laminar flow. 

COMPARISON OF TUBES AND ANNULI 

Laminar Range 

When purely laminar flow is considered, the proper 
choice of an equivalent tube is apparent from Equations 
(6), (8), and (19). In order to relate directly to the 
annulus, the tube should have the radius 

ro = ( @ ~ z ) L  ( R H Z ~ L  (22) 

70gc  = (72gc)  L (23) 

and the skin friction 

Both the tube and the annulus carry the actual fluid. The 
Reynolds number of the annulus is 

(24) 
2 ( @ r n 2 > ~  ( R H ~ ) L  Vapa 

( N R e 2 ) L  = 
Pa 

where the subscript a refers to the annulus as a whole. 
The parabolic profile of velocity in the tube is immedi- 

ately related to the annular profile through Equation (8). 
Under the conditions of comparison, the absolute local 
velocities are equal at equal values of the reduced dis- 
tance parameter since the maximum velocity is the 
same in the tube and annulus. 

Lower Turbulent Ronge 

Although the maximum point is influenced by the Reyn- 
olds number in the lower turbulent range, a rough ap- 
proximation is sometimes adequate. On the average the 
maximum point is not far from the laminar position. When 
the radius of maximum velocity is ( r , ) L ,  it turns out that 
(aml )~  = ( Q m 2 ) ~ .  Therefore, as shown by Equation ( 6 ) ,  
the same tube operating at the same Reynolds number is 
equivalent to both the inner and outer portions of the 
annulus. The tube is exactly the one already described for 
laminar flow. Since the flow in this case is turbulent, how- 
ever, the tube must be operated at a definite Reynolds 
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number. By virtue of Equation (12), the Reynolds num- 
ber ( N R e ) t  of the equivalent tube is fixed by the condi- 
tion 

(25)  

where the subscript t refers to the tube. Since f t  and 
(V/u,)t for smooth tubes are functions of ( N R ~ ) ~  alone, 
the tubular Reynolds number can be obtained from Equa- 
tion (25) if ( f 2 ) ~  and (V/U,)~ are known as functions of 
the annular Reynolds number ( N R e 2 ) L .  

If velocity data for tubes are available as graphs of 
(u/%)t a ainst ( y / r , )  at constant Reynolds number, for 

ities (u/um)t  at the particular value of ( N R e ) t  obtained 
from Equation (25) are replotted against ( @ / Q ? ~ )  where 

f t  ( V / U r n )  t2 

( f z ) ~  ( V / h ) a z  
Togc/Pa = I =  

( r2gc ) L/pa  

example, t i e procedure is elementary. The reduced veloc- 

The resulting curve represents u/u, against ( @/am) 2L in 
the outer part of the annulus and U / u m  against ( @ / a m )  11, 
in the inner part. It remains only to convert the 
ratios to ( r ,  - r )  / ( r2 - rl) by means of Equations (4)  
and (5) in order to obtain the reduced velocity profiIe in 
the annulus. The absolute local velocities are likewise co- 
incident under the conditions of comparison. 

Higher Turbulent Ronge 
At high Reynolds numbers, the maximum point is es- 

sentially independent of the Reynolds number and is at 
the radius r ,  shown in Equation (17) for all practical 
purposes. The actual skin friction at the outer wall of the 
annulus is r2gc and the inner wall has the skin friction 
ngc. 

Once more, the equivalent tube is exactly the same 
one whose radius is given by Equation (22) and whose 
skin friction is given by Equation ( 2 3 ) .  The tube again 
carries the actual fluid of density pa and viscosity k. Since 
the maximum point in the annulus is not at the laminar 
position, however, the tube must be operated at one 
Reynolds number to be equivalent to the outer part of 
the annulus and at another to be equivalent to the inner 
part. In addition, to meet the criteria for comparison, the 
annulus must be imagined to carry different fluids on each 
side of the maximum point, neither of which is the 
actual fluid. The imaginary fluids can be thought of as 
having whatever properties are required to meet the con- 
ditions summarized in Equations (12), (13), and ( 14). 
The inner and outer parts of the annular stream must ob- 
viously be treated separately. 

High Reynolds Number-Outer Portion 
In order to meet the constraints placed on the compari- 

son, the fluid flowing in the annulus can be imagined to 
have the actual density but a hypothetical viscosity. If 
the skin friction ( r 2 g c ) L  of Equation ( 2 3 )  is set equal to 
the actual skin friction rgC, it follows that the equivalent 
tube must operate at such a Reynolds number ( N R e ) t  
that 

Strictly speaking, the proper Reynolds number N R ~ ~  
for the outer part of the annulus should be obtained from 
Equation (9) by using the actual value of r ,  and the 
hypothetical viscosity of the fluid. An approximation 
avoids the need for such a calculation. Under the condi- 
tion of Equation (13),  N R e Z  differs from ( N R e Z )  I, only to 
the extent that (V/%), is affected by the shift of the 
maximum point from r,  to ( r m ) L .  Since the change is 
very small, it is generally permissible to consider N R ~ ~  = 

I00  
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Fig. 3. Comparison of predicted and experi- 
mental velocities in the annulus with radius 
ratio of 38.2 (solid line indicates predicted 

profile). 

( N R e 2 ) L .  Thus f2  and ( V / h ) a  measured in actual annuli 
can immediately be expressed as functions of ( N R ~ Z ) L ,  
thus making them directly useful in Equation (27).  

To obtain the reduced velocity, ( N R ~ ~ ) L  is computed 
and values of f z  and ( V / h ) a  are read at that Reynolds 
number. The Reynolds number ( N R e ) t  of the equivalent 
tube is obtained from tubular data and Equation (27). 
The relationship of ( u / u m ) t  and ( Q / Q m ) t  is also the re- 
lationship of u/u, and ( @ / Q ~ ) Z  in the outer part of the 
annulus. It should be noted that the reduced distance 
parameter is obtained from Equations (4 )  and ( 5 )  with 
the radius of maximum velocity taken at its actual value 
r, instead of ( r , ) L .  

High Reynolds Number-inner Portion 
The inner part of the annulus must be imagined to 

carry a fluid with neither the density nor the viscosity of 
the actual one in order to meet the imposed constraints. 
In view of Equations (19) and ( Z O ) ,  the hypothetical 
density p/ must be such that 

(28) 
rogc/pd TlLgc/Pa TlLgc 

TZgc/Pa TIFgc/Pa TlFgc 
---= ---= 

To be equivalent to the outer part of the annulus, the 
tube must operate at the Reynolds number ( N R e ) t .  To 
be equivalent to the inner part, it must operate at some 
other Reynolds number, say, ( N R e ) p .  By combining Equa- 
tions (27) and (28), it can be seen that ( N R e ) p  must be 
such that 

T l L g c  - f p ( V / u m ) p 2  

TlFgc f t  (V/um) t2 

The skin friction ratio is obtained by means of Equation 
(21); the value of f t ( V / u , ) t 2  is known since ( N R e ) t  is 
known. Therefore, the Reynolds number ( N R ~ ) ~  can be 
established directly. The relationship of ( u/um) t and 
(Q/Qm)t at ( N R ~ ) ~  is also the relationship of u/u,, and 
(@/am)l in the inner portion of the annulus. Again, the 
actual radius of maximum velocity r,, is used in comput- 
ing (@/@41. 

(29) -- 

FRICTION FACTORS AND VELOCITY RATIOS 

In the foregoing discussion, it has been assumed that 
the friction factor f z  and the velocity ratio (V/um) a are 
readily available as functions of the working Reynolds 
number ( N R e 2 ) ~ .  When experimental data are not at 
hand, adequate values can be generated on the assump- 
tion that the tube forming the outer boundar of the an- 

is present. If such is the case 
nulus has the von Karman friction factor w E en no core 

Vol. 12, No. 6 A.1.Ch.E. Journal Page 1089 



For a series of assumed values of ( N R e ) t ,  ( V / U ~ ) ~  can 
be obtained from Equation (31) and the Reynolds nnm- 
bers ( N R ~ ~ ) L  can be calculated by means of Equation 
(13) on the assumption that N R e 2  and ( N R e 2 )  L are equal. 
Corresponding values of f 2  can be calculated from Equa- 
tion (30) and correlated with ( N R e 2 ) L .  Thus all of the 
information needed for the proposed method of solution 
are immediately available. 

It should be recognized that the tubular Reynolds num- 
ber ( N R e ) p  corresponding to the inner part of the annulus 
may be much greater than ( N R e ) t  corresponding to the 
outer part. Consequently, the best possible values of the 
tubular friction factor and velocity ratio over the whole 
range of Reynolds numbers should be used. At least Equa- 
tion (30) should be replaced by actual data whenever 
possible. I t  is therefore highly desirable to obtain the 
friction factor ft by running the outer pipe of the annulus 
without the core if it is at all feasible to do  SO. 

EXPERIMENTAL RUNS 

Experimental velocity data were obtained in two vertical 
iinnuli 20 ft. long. The outer boundary was a smooth copper 
condenser tube with an I.D. of 0.760 in. The cores were 
smooth wires of iron-nickel alloy with diameters of 0.0515 
and 0.0199 in. The radius ratios rdr i  were therefore 14.8 and 
38.2. Both upward and downward flow were used and calm- 
ing lengths of 100 and 200 outer tube diameters were avail- 
able. The cores were centered under tension, so no supports 
were present to interfere with the flow. The test fluid was 
water flowing steadily at constant temperature. 

Velocity profiles were obtained by means of impact probes 
made of stainless steel hypodermic tubing. The probes con- 
sisted of a bent 0.5-in. length of 0.035in. O.D., 0.023-in. 
I.D. tubing silver soldered into a longer 0.065-in. O.D. tube 
to provide rigidity. The probes were moved across the stream 
by a feed mechanism sensitive to radial changes of 0.0002 in. 

Impact pressures and static pressures were measured with 
manometers treated with silicone compound and by using 
water over fluorbenzene, water over chlorobenzene, water 
over mercury, and air over water. All manometers were read 
through a cathetometer with a precision of 0.05 mm. The 
impact probes were calibrated in place by the method of 
Stanton, Marshall, and Bryant (6) .  

Analysis of the data indicated that pressure drops and local 
main stream velocities in the turbulent range were obtained 
with the 2% precision usual in such work. Inspection of the 
confidence intervals at high Reynolds numbers indicated that 
the calibration errer in the radius of maximum velocity was 
between 0.003 and 0.007 in., or something less than 2% of 
the clearance between the core and the outer tube. The radius 
of maximum velocity was established by fitting a polynomial 
to the experimental velocity data near the maximum and lo- 
cating the maximum point of the polynominal once the data to 
be used and the degree of the polynomial had been determined 
analytically. 

The outer tube was first operated without a core to establish 
its separate characteristics. Friction data were obtained at 
twenty-six Reynolds numbers between 8,000 and 572,000. 
Velocity profiles were measured at ten Reynolds numbers be- 
tween 29,000 and 260,000. 

The Reynolds number ranges investigated in the two annuli 
are most simply expressed in terms of the usual Reynolds num- 
ber based on the overall hydraulic radius, namely 

Pa 

In the annulus with r2/r1 = 14.8, friction data were obtained 
at thirty-seven Reynolds numbers between 6,300 and 226,000. 
Velocity data were obtained at twenty-two Reynolds numbers 
between 760 and 222,000. In the annulus with rz/r1 = 38.2, 
friction data were taken at twenty-one Reynolds numbers be- 
tween 8,100 and 198,000 and velocity data were obtained at 
twenty-three Reynolds numbers between 730 and 204,000. 

EXPERIMENTAL RESULTS 

The data of Walker (7) and Croop ( 2 )  taken at radius 
ratios between 2.0 and 16.1 yere  reexamined, with poly- 
nomials to establish the maximum points. Inward move- 
ment of the maximum point with increased Reynolds 
number was confirmed in the lower turbulent range. 
Croop’s data for rZ/rl = 16.1 were in excellent agree- 
ment with those of the present work for r2/r1 = 14.8 at 
Reynolds numbers 800 4 ( N R ~ )  h f 10,000, the range in 
which the two sets of data overlapped. Above ( N R e ) h  = 
30,000 the maximum point showed little tendency to shift. 

At high Reynolds numbers, the radii of maximum ve- 
locity were 0.132 in. for r2/r1 = 14.8 and 0.098 in. for 
r2/rl = 38.2, in excellent agreement with Equation (17).  
Figure 1 shows the comparison of the present data with 
the equation and with the data of Brighton and Jones 
(1).  

The data obtained while running the outer tube with- 
out a core furnished values of the friction factors ft and 
f p  and the velocity ratios (V/u,)t and (V/U, ,$ )~  to be 
used in Equations (27) and (29) .  By means of these 
equations the reduced velocity profiles in the annuli were 
predicted at various Reynolds numbers and were com- 
pared with the experimental data as shown in Figures 2 
and 3. It is apparent that the predicted profiles are in 
complete agreement with the data obtained in the ex- 
perimental annuli. 

To test the prediction at other radius ratios, compari- 
sons were made with the notable data of Brighton and 
Jones as shown in Figure 4. Again the predicted profiles 
closely represent the actual experimental points To com- 
plete the picture, eddy viscosities calculated from the 
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Fig. 4. Comparison of predicted velocities 
with the experimental data of Brighton and 
Jones (solid line indicates predicted profile). 
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predicted velocity profiles are compared in Figure 5 with 
the experimental values measured by Brighton and Jones. 
Once more the agreement is excellent in view of the fact 
that the experimental values ordinarily scatter at  least as 
much as the deviation between the curves. 

When dealing with an annulus with a large ratio of 
outer to inner radii, the equivalent tube has a wide range 
of Reynolds numbers to cover. In order to meet that re- 
quirement and at the same time to provide a consistent 
set of tubular data for comparing the present work with 
that of Brighton and Jones, the reduced velocity profiles 
taken from Nikuradse’s data ( 3 )  were used throughout. 
The predicted profiles of Figures 2, 3, and 4, therefore, 
have a common basis and their success in handling widely 
different radius ratios is not obscured by different sources 
of information. It can be concluded that the proposed 
method offers a most effective means of comparing tubes 
and annuli at high Reynolds numbers in order to estab- 
lish annular velocity profiles from what is known about 
tubes. 
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NOTATION 

f 

g ,  

= Fanning friction factor at  surface s, as defined by 

= conversion factor, 32.2 (Ib.m) (ft.)/(lb.f) (sec.z) 
Equation ( lo ) ,  dimensionless 

L 
NReh = Reynolds number defined by Equation (32), di- 

N R ~ ~  = Reynolds number defined by Equation (9), di- 

N R ~ ~ ,  N R ~ , ,  = Reynolds numbers for tubes, dimensionless 
Ap = pressure drop due to friction, lb.f/sq.ft. 
r = radial distance, ft. 
r ,  = radius of maximum velocity, ft. 
r, = radius of tube, ft. 
rs = radius of surface s, ft. 
RH = hydraulic radius defined by Equation (l),  ft. 
R H s  = hydraulic radius defined by Equation ( 2 ) ,  ft. 
IL = local fluid velocity, ft./sec. 
urn = maximum local fluid velocity, ft./sec. 
u- = friction velocity, (T,gc/p)1/2, ft./sec. 
V = bulk average fluid velocity, ft./sec. 
y = distance from tube wall, ft. 

Greek Letters 
E 

EO 

emo 

p 
p 
p’ = hypothetical fluid density in Equation (28), 

T 

T, 

T~ 

~ ~ 1 ,  

@s 

@ms 

= length of ducts, ft. 

mensionless 

mensionless 

= local eddy viscosity, 1b.J (sec.) (ft.) 
=average eddy viscosity taken on the local fluid 

= average eddy viscosity taken on the local fluid 

= viscosity of fluid, Ib.,/(sec.) (ft.) 
= density of fluid, Ib.,/cu.ft. 

velocity from r, to r, Ib.,,/(sec.) (ft. ) 

velocity from r, to r,, lb.,/(sec.) (ft.) 

Ib.,/cu.ft. 
= local shearing stress, Ib.f/sq.ft. 
= skin friction at tube wall, lb.f/sq.ft. 
= skin friction at surface s, Ib.f/sq.ft. 
= hypothetical skin friction defined by Equation 

= local distance parameter defined by Equation 

= maximum distance parameter defined by Equa- 

( 2 0 ) ,  1b.fhq.A. 

(4), dimensionless 

tion (5), dimensionless 

Subscripts 
a 
L 

= annulus as a whole 
=calculated as though the maximum point were 

at  the laminar position regardless of its actual 
location 

= position of zero shear or maximum local velocity 
= flow in equivalent tube at the Reynolds number 

corresponding to the inner part of the annulus 
= surface s or is on the same side of the maximum 

point as surface s 
= flow in equivalent tube at the Reynolds number 

corresponding to the outer part of the annulus 
= inner surface of the annulus or the portion inside 

the maximum point 
= outer surface of the annulus or the portion out- 

side the maximum point 

m 
p 

s 

t 

1 

2 
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