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Asymptotic Velocity Defect Profile in an Incipient-Separating
Axisymmetric Flow
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Presence of a new asymptotic mean velocity profile (velocity defect law) was found concomitant with appreciable
incipient separation (instantaneous detachment > 20% of the time) and extremely high-turbulence intensities
in the final stages of an 8-deg total divergence angle conical diffuser fed with a fully developed turbulent pipe
flow. Pulsed-wire anemometry was used for the measurement of incipient flow separation, mean velocities and
skin-friction distributions. The conical diffuser flow shows some attributes of quasiequilibrium in the final one-
third length. In the second-half of the diffuser the mean velocity profiles indicate a distinct point of inflection,
the wall regions have less sensitivity to the initial conditions, and the flow exhibits some insensitivity toward the
local boundary conditions. A comparison with the other asymptotic velocity defect profiles in Perry-Schofield
coordinates revealed the distinctly different shape of the present asymptotic profile found in the conical diffuser.
The validity of this asymptotic mean velocity profile was confirmed at two Reynolds numbers. Application of rapid
distortion theory indicated coexistence of the regions of slowly and rapidly changing turbulence in the conical
diffuser. Results of the present study also support the theory that turbulence is not universal and depends on the

initial and boundary conditions.

1. Introduction

XISYMMETRIC turbulent flow separation in a conical dif-

fuser is an important problem in many practical flows. To
tackle the extremely challenging problem of turbulent separation
one must understand how a severe adverse pressure gradient (APG)
distorts the development of the boundary layer. It is also impor-
tant to know flow insensitivity toward the initial and local boundary
conditions. In a conical diffuser, the flow is subjected to sudden
perturbations of severe APG, extra strain rates, and streamline cur-
vature. Hence, a conical diffuser flow is suitable for investigating the
wall layer growth and separation in axisymmetric flows. To develop
and validate closure models for conical diffuser flows it is necessary
to have high-quality empirical data obtained using the appropriate
new techniques such as pulsed-wire anemometry,'? laser-Doppler
methods,>* or flying hot-wire anemometry. Because of optical lim-
itations, such as the refractive effects of the containment wall, it is
difficult to use laser-Doppler anemometry in a conical diffuser flow.
Further, the geometry of the flow restricts the application of fly-
ing hot-wire in a conical diffuser. In the present study, pulsed-wire
anemometry has been used to obtain some new information about
the mean flowfield and incipient flow separation. Some preliminary
results of the present investigation have already been presented by
Singh and Azad.> Here, we summarize these and present a sub-
set of extensive mean-flow data to study the characteristics of an
asymptotic mean velocity defect profile found in the final stages of
a conical diffuser flow.

According to Sovran and Klomp,” an 8-deg conical diffuser with
an area ratio 4:1 has optimum pressure recovery and highest effec-
tiveness. This optimum-performance geometry was selected for the
present investigation. The results are presented for two Reynolds
numbers, 6.9 x 10* (case I) and 1.2 x 10° (case II), based on the
mean bulk velocity U,; and the inside diameter D; of the pipe.
Although this is not a wide range we do believe that the present
asymptotic mean velocity profile will exist even at high Reynolds
numbers as the characteristics of conical diffuser flow do not change
significantly with Reynolds number.®?
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Several researchers*!®!! have postulated that APG turbulent
boundary-layer flows have an asymptotic nature of velocity profiles
near separation. The present investigation revealed the existence of a
new asymptotic velocity defect law in the final stages of an incipient-
separating conical diffuser flow. This asymptotic velocity defect law
was detected by plotting the mean velocity profiles obtained at var-
ious stations in the diffuser on Perry-Schofield'? coordinates. The
main objective of the present investigation is to critically examine the
development of this asymptotic velocity profile found in the conical
diffuser, to increase the understanding of highly turbulent incipient-
separating axisymmetric flows. Comparisons with the other nearly
separating flows, developing under different pressure gradients and
flow configurations are also presented. Accurate prediction of the
asymptotic velocity defect law will be a good test for evaluating the
performance of models for the conical diffuser flows.

II. Experimental Apparatus and Method

The wind-tunnel facility used for the present study has been
described previously.>%® Briefly, the wind is blown through the
settling chamber and a circular contraction cone of nominal area
ratio 87:1 and a 74-diam-long smooth steel pipe of inside diameter
D; = 0.1016 m. To achieve a fully developed turbulent pipe flow at
the exit of the pipe, the first 1 diameter length of pipe from its inlet
end was pasted with no. 16 floor-sanding paper. The resulting pipe
flow was fed to an §-deg nominal total angle conical diffuser which
discharges free to the atmosphere. The plexiglas conical diffuser
has inlet and outlet diameters of 0.1016 and 0.202 m, respectively,
thus having a nominal area ratio of 4:1 over its length of 0.745 m.
Figure 1 presents the geometry of the conical diffuser and the po-
sitions of the available stations for measurements. Each of the nine
stations has eight equally spaced drilled holes on the periphery of
the diffuser wall and two plugs for each hole. The plugs have central
holes suitable for positioning wall static pressure tap tubing and a
pulsed-wire wall shear stress probe. The inside surface of the plugs
were aligned and curved flush with the inner surface of the diffuser
wall.

Based on the level of measured instantaneous flow reversals at
0.05 mm above the wall, the conical diffuser flow has been divided
into three stages or regions, namely, the initial stage, x =~ 0.0-0.15m
(instantaneous backflow up to 1% of the time), where x is the axial
distance from the entrance of the conical diffuser measured in the
downstream direction; the intermediate stage, x =~ 0.15-0.40 m
(instantaneous backflow 1-20% of the time); and the final stage,
x ~ 0.40-0.745 m (instantaneous backflow 20-30% of the time).
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Fig.1 Geometry of the conical diffuser and positions of measuring stations, dimensions in millimeters.

The axisymmetry and fully developed flow condition in the pipe was
checked by Okwuobi and Azad.? The axisymmetry of the diffuser
flow was checked by comparing long time mean values of turbulence
quantities up to fourth moments as well as mean velocity at equal
distances from the diffuser axis.

The traversing mechanism and the boundary-layer facility used
for calibration of the pulsed-wire probes were described by Azad
and Burhanuddin.'® The usual Pitot and static pressure tubes were
used with manometers for pressure measurements.” The hot-wire
measurements were obtained using DANTEC equipment.” The hot-
wire probes were operated at an overheat ratio of 0.8 with a measure-
ment integration time of 60-120 s. The hot-wire data were corrected
for yaw and high intensity of turbulence according to Champagne
and Sleicher' and Vagt.!> The x-wire Reynolds shear stress (uv)
data were also corrected for high intensity of turbulence according
to Tutu and Chevray.'s The experimental uncertainty in #v data is
estimated to be +15%.

Pulsed-wire data was used for the locations where incipient re-
versals occurred, or where the local turbulence intensity was high.
Pulsed-wire measurements were obtained using PELA Flow Instru-
ments pulsed-wire probes, and a PELA Flow Instruments anemome-
ter interfaced to a microcomputer so that on-line calibrations and
measurements could be made using a modified software. The stan-
dard pulsed-wire probes had platinum plated tungsten pulsed and
sensor wires each of S-um nominal diameter and 10 mm length.
The distance between the pulsed wire and sensor wires was approx-
imately 1.2 mm. Standard pulsed-wire probes were calibrated in a
low-turbulence freestream using Pitot and static pressure tubes and
an empirical calibration curve of the form U = (A/T) + (B/T>),
where U is the mean velocity, A and B are constants of calibration,
and T is the time of flight of the heat tracer. In turbulent flow, up to
10,000 samples of time of flight were recorded at each location of
measurement, using a sampling rate of 50-100 Hz.

Ruderich and Fernholz,”” Dengel et al,'® and Dengel and
Fernholz!! have discussed the suitability of the pulsed-wire
skin-friction measurement technique in various highly turbulent
separating flows. Singh and Azad® have shown the limitations
of the conventional Preston tube in the present flow. Therefore,
the pulsed-wire technique was used for obtaining the wall shear
stress distribution in the present diffuser flow. The experimental
uncertainty in the pulsed-wire mean wall shear data is estimated
to be £10%. The pulsed-wire skin-friction probe was calibrated
in terms of surface kinematic shear stress (z,,/p) against a Pre-
ston tube in a well-documented turbulent boundary layer flow.!?
The calibration of Patel'® was used for the Preston tube data and
a good calibration fit was obtained using the relation (7, /p) =
(A/T)+(B/T? +(C/T?), where 7, is the mean wall shear stress;
p is the density of the air; A, B, and C are calibration constants; and
T is the time of flight of the heat tracer. For wall shear stress mea-
surement at each station, 3000-5000 samples of time of flight were
taken at a sampling rate of 10-50 Hz. The hot-wire and pulsed-wire
calibrations were repeated before and after each profile measure-
ment, and the data were rejected if the calibration changed by more
than 1.5%. The accuracy of the mean velocity profiles was checked
by applying integral constraint of continuity at x-stations in the

diffuser and the mass flow rates at different stations varied within
3% as compared to the mass flow rate in the pipe at the diffuser
inlet.

III. Experimental Resnlts and Discussion
A. Integral Quantities

Figure 2 illustrates the development of the wall static pres-
sure recovery coefficient C, defined as C, = {Pu(x) —
Py, (pipe)}/(0.5p szi), where Py, (x) is the wall static pressure at
various x locations and P, (pipe) the wall static pressure in the
pipe at x = —0.025 m. The distribution of C, shows the usual
trend expected in an APG flow. Figure 2 also shows the distri-
bution of the nondimensional inner pressure gradient parameter
Pt = (v/u®)(1/p)(d P /dx), where v is the kinematic viscosity
and u, the friction velocity obtained using the pulsed-wire skin-
friction probe. The rising trend and very high values of parameter
P* show the increasing severity of the pressure gradient and its
effect in the wall region as the flow moves downstream in the con-
ical diffuser. The scatter in the values of the parameter P+ in the
latter stages may be due to very small values of friction velocities
and appreciable errors associated with them. The distribution of the
parameter P* in the conical diffuser in Fig. 2 may be considered
the same for both cases I and II, within experimental uncertainties.

Distributions of the displacement thickness §*, momentum thick-
ness 8, energy thickness §**, and the shape factors H = §*/6
and H' = 8§*/0 were obtained using appropriate axisymmetric
definitions.” These parameters were found to have trends similar to
those reported by other researchers in conical diffuser and boundary-
layer flows.5 Parameters H and §* consistently increase in the dif-
fuser, whereas 6 and 6** increase in the initial region and remain
nearly constant in the final stages. The shape parameter H' reduces
in the initial stages and remains nearly constant in the intermediate
and final stages. It was found that §* grows to over eight times its
entry value in the diffuser, whereas 6 increases to only about two
and one-half times its initial value.5 This resulted in an increase of
shape parameter H to over three times its entry value in the con-
ical diffuser. Present results corroborate the observations in APG
boundary-layer flows that a rapid increase of 8* is a characteristic of
flows approaching separation. The momentum thickness Reynolds
number Rey = Uy 6/v, where U, is the local centerline velocity,
increases in the initial stages and remains approximately constant
in the latter-half of the present diffuser. Nearly asymptotic behavior
of the parameters §**, H', and Rey in the final stages of the present
conical diffuser shows a state of quasiequilibrium for the flow in this
region and corroborates the development of an asymptotic velocity
defect law in this part of the conical diffuser.

According to Schofield® APG equilibrium layers require a
freestream velocity variation of the form U; = A(x —xp)™, m < 0,
where exponent m is a measure of the severity of the pressure
gradient applied to the flow, xo an effective origin, and A a con-
stant. In a two-dimensional APG boundary-layer flow maintained
just at the condition of mean-flow separation, Stratford?' suggested
m = —0.25, assuming a value of H = 2.0. The corresponding
value for equilibrium laminar layers is —m = 0.0904 (Ref. 22). For
a two-dimensional equilibrium turbulent boundary layer, Cutler and
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Fig. 2 Distribution of wall static pressure coefficient C, and nondi-
mensional pressure gradient parameters P* and P, in conical diffuser.
ORe = 6.9 x 10% (case ) and 0 Re = 1.2 X 10° (case II), lines merely
indicate the interpreted trend.

Johnston?® have recently reported m = ~0.27. Fitting a power law
of the form Uy = A(x — xp)™ to the centerline velocities in the
present conical diffuser resulted in m ~ —0.38 and —0.43, for cases
I and II, respectively. In the region of the asymptotic velocity defect
profile, the measured axial pressure gradients d P;,,/dx were fitted
with a power law of the form d Py, /dx = A{x —xp)™ and resulted in
m =~ —-0.45 and —0.53, for cases I and II, respectively. The higher
negative values of the exponent m in the present diffuser flow as
compared to the two-dimensional APG flows?""?? indicate that con-
ical diffuser flows can withstand a considerably greater pressure
gradient without mean-flow separation.

In a severe APG two-dimensional diffuser flow, Stratford®
pointed out that the mean velocity profiles near the wall did not con-
tain a logarithmic region but correlated instead with a half-power
law (i.e., U o y?). According to Schofield,2” in moderate to strong
APG flows where u, is relatively small and of minor importance, the
velocity scale of the logarithmic regions u, should be replaced by
Us, the velocity scale of the half-power region. The velocity scale Uy
of the half-power region is in fact a wall slip velocity,'® and U; can
be found by extrapolating the half-power law to the wall in the plot
of U/ Uy vs (y/8*) 7. Trupp et al.25 have shown the existence of half-
power law regions and the absence of universal log-law regions for
the mean velocity profiles at various axial stations in a similar geom-
etry conical diffuser. The pulsed-wire data indicate very small values
of u, in the present conical diffuser. These results would suggest
U; to be the appropriate velocity scale in the present flow. For these
reasons, the parameter P+ seems inappropriate for the present flow
as it is based on 1/(x,)*. As pointed out by a referee, a new nondi-
mensional pressure gradient parameter P,(= (v/pU2)(d Py, /dx)]
was calculated based on the velocity scale U; and its distribution
for the present conical diffuser is shown in Fig. 2. This parameter
seems appropriate for moderate to severe APG flows. The slowly
changing behavior of P, in the latter part of the diffuser indicates
the quasiequilibrium nature of the flow.

Schofield? pointed out that Clauser’s?® original nondimensional
force ratio or pressure gradient parameter, 8, = (8*/7,)(d Pey/dx),
is inappropriate for the flows in moderate to strong APG with rela-
tively small values of u,; and the relevant pressure gradient param-
eter is B*, defined as B* = (8*/pU?2)(dPy,/dx). The distribution
of parameters S, and 8* was calculated in the present diffuser for
comparison purposes and results are presented in Fig. 3. It can be
seen that the Clauser parameter §, has a consistent rising trend in
the diffuser for cases I and II, whereas the parameter 8* decreases
in the initial stages and achieves nearly a constant value in the final
stages. The distribution of parameter 8* supports the development
of an asymptotic profile in the final stages of the present diffuser.
These results of the pressure gradient parameters corroborate the
usefulness of the velocity scale U in severe APG flows.

Azad and Kassab?’ have presented the distribution of the rel-
ative strength of large eddies Sy in a similar geometry conical
diffuser in their Fig. 10b. The relative strength Sy is defined as

St = (¢®Vmax — ¢*Vmin)/ (qéax)%, where the resultant intensity

100 ——r—1————————— 100
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Fig. 3 Development of Clauser pressure gradient parameter 3, and
Schofield nondimensional force ratio 8* in conical diffuser. Symbols as
in Fig. 2; lines merely indicate the interpreted trend.
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Fig.4 Relative strength of large eddies S;, and reverse-flow parameter
Xw in conieal diffuser. ID and ITD indicate the location of incipient de-

tachment and intermittent transitory detachment, respectively; symbols
as in Fig. 2; lines merely indicate the interpreted trend.

q* = u? +v? + w? (2, turbulent energy); g%v = u?v + v® + vw?;
u, v, and w are the components of the velocity fluctuations and max
implies maximum with respect to y at x-station. The distribution
of S, is presented in Fig. 4, for comparison purposes. Based on the
asymptotic nature of Sz in the final stages of the diffuser, in Ref.
27 it is concluded that an equilibrium large-scale structure exists in
the final period of the diffuser flow. This behavior of S, supports
the development of an asymptotic mean velocity profile in the latter
part of the conical diffuser.

The pulsed-wire technique can be used to quantitatively measure
instantaneous flow reversals in terms of the reverse-flow parameter
X, defined as the fraction of time that the flow moves in an upstream
direction, and measured as the ratio of the samples with a nega-
tive sign and the sum of all valid samples.!” In the conical diffuser
the wall value of the reverse-flow parameter x,, was measured by
the pulsed-wire wall probe at y = 0.05 mm above the wall, and
its distribution is shown in Fig. 4. It can be seen that instantaneous
reversals begin somewhere near x = 0.14 m at the wall and grow
as the flow moves toward the diffuser exit. At station 2 for case I,
x = 0.156 m and x,, ~ 0.01, which corresponds to the position of
incipient detachment (ID), according to Simpson et al.* Similarly,
Xw = 0.20, at x = 0.38 m near station 6, is the position of intermit-
tent transitory detachment (ITD). Figure 4 shows the locations of
ID and ITD for case I in the present diffuser. The asymptotic profile
exists in the region downstream from the location of ITD.

It may be noted that Simpson et al.* have specified the near-wall
value of the instantaneous reverse flow (i.e., reverse-flow parame-
ter x,,) at 1.02 mm above the wall surface, whereas in the present
study it is obtained at 0.05 mm from the wall. Station 9, x = 0.695
m, in the present diffuser’ and station x = 129.4 in. in Simpson
etal.* have comparable near-wall distributions of instantaneous flow
reversals. The results obtained at these two stations were examined
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Fig. Sb  Profiles of mean velocity from wall to centerline at stations 5,
6, 8, 9, and exit face in conical diffuser; symbols as in Fig. Sa.

to determine the extent of the discrepancies. At station 9, the 0.05-
mm distance above the wall corresponds to yt =~ 0.3,y/R;, =~
0.0005, where R; is local radius, y/6* = 0.0013, and x =
Xw(=0.30); whereas the 1.02 mm distance above the wall results
in y* =~ 6.12, y/R; ~ 0.0102, y/8* = 0.0265, and x ~ 0.23. In
Simpson et al., at x = 129.4 in., the 1.02-mm distance above the
wall corresponds to y* ~ 12, y/§ ~ 0.0082, y/§* ~ 0.0194, and
x ~ 0.19. It may be noted that at this station the nearest location,
y ~ 0.26 mm, from the wall at which instantaneous backflow was
measured indicate x & 0.31 (see Fig. 5 of Simpson et al.*). These
results show the rapidly changing nature of x in the near-wall region.
The instantaneous backflow increases rapidly as the wall is ap-
proached in the conical diffuser.>¢ For example, at station 9 for
case I, x ~ 0.09 at about 6.5 mm from the wall, which increases to
x ~ 0.23 near 1 mm above the wall, and to x,, =~ 0.30 at 0.05 mm
above the wall. This shows the steepness of gradient d /dy in the
near-wall region. Similar to Dengel and Fernholz,'! at various sta-
tions of the present diffuser, the profiles of parameter x obtained by
traversing a pulsed-wire velocity probe were extrapolated to the re-
spective wall value y,, (Refs. 5 and 6). These profiles (not shown here
for conciseness) indicated that the ITD location, which is near sta-
tion 6, x = 0.395 m, when instantaneous flow reversals are detected
at 0.05 mm above the wall, would be near station 8, x = 0.557 m,
if x,, were obtained at 1.02 mm above the wall (e.g., in Simpson
et al.*). These results indicate that there may be appreciable differ-
ences in the locations of ID and ITD depending on the near-wall
location of measurement.
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In the present conical diffuser, the relative strength of large ed-
dies S; and parameter x, show a similar trend, illustrating their
connected nature (see Fig. 4). The slowly changing characteristics
of parameters S;, and x,, in the final stages of the diffuser also cor-
roborate the development of an asymptotic velocity defect profile
in this region.

B. Mean Velocity Profiles
Figures 5a and 5b present the profiles of streamwise mean velocity
obtained at various x stations in a nondimensional form. The first
four profiles, shown in Fig. 5a, do not show any point of inflection;
whereas, the profile obtained at station 5, x = 0.316 m, and the
profiles at farther downstream stations, presented in Fig. 5b, show
increasing evidence of inflection as the profile distances increase
from the diffuser inlet. The plots of the mean velocity profiles in
the near-wall coordinates indicated that the standard log-law is not
applicable in this diffuser flow.
Thompson®® reported a new family of mean velocity profiles for
turbulent boundary-layer flows based on the combination of two
universal functions representing the effects of the wall and of the
intermittency in the outer region. None of the measured profiles in
the diffuser show agreement with Thompson’s calculated profiles
(see Figs. 5a and 5b). This could be expected as these profiles were
developed for moderate APG two-dimensional flows and Thompson
himself indicated that the two-parameter family gives poor agree-
ment with experimental data in the regions of severe APG and small
surface shear, e.g., in the flow of Stratford,>* where universal loga-
rithmic law of the wall does not hold and parameter P* > 0.01. In
the present diffuser, the parameter P+ has very large values (=~ 0.03—
0.36) and the universal log-law is not valid. In Fig. 5b, Thompson’s
profiles could not be obtained for the stations in the latter-half of the
diffuser due to very high values of H (>3.0) in the present diffuser,
for which Thompson’s charts of y/6 contours for U/ U, in the H
vs log,, Rey plots are not available.

Based on the findings of Schofield and Perry,”® Perry and
Schofield!? reported that in two-dimensional APG flows, which sat-
isfy the condition (Juv|max /ui) > 1.5, the mean velocity profiles
collapsed onto a velocity defect law in (U, — U)/U; vs y/B coor-
dinates, where Uj is a velocity scale characteristic of the outer flow,
and B is a length scale. Okwuobi and Azad,® Azad and Hummel,’
Azad and Kassab,?” and Trupp et al.>’ have shown various similari-
ties of the conical diffuser flow with other APG flows. As discussed
earlier, the mean velocity profiles in the present diffuser show half-
power regions and the velocity scale U seems the appropriate scale
for this flow. These results would indicate the possibility of getting
the asymptotic nature of the velocity defect profile for conical dif-
fuser flows in Perry-Schofield coordinates which are based on the
velocity scale U;. The original relationships of the Perry-Schofiled
similarity scales were used for the conical diffuser flow to follow the
method of obtaining U, outlined by Schofield and Perry.?® This was
also to facilitate the comparison of the mean velocity profiles of dif-
ferent flows, nondimensionalized in a similar manner and presented

in a well-known coordinates system. Replacing the freestream ve-
locity U; by centerline velocity Uy, the Perry-Schofield defect law
for the mean velocity profile may given as

(Uy —U)/U, =1—04(y/B)% —0.6sin(ry/2B) (1)

where B is the integral layer thickness, defined as B =
2.866*Uc/ Us, Uqy is the local centerline velocity, and U is a scal-
ing velocity based on a half-power profile. In the wall region Eq. (1)
may be presented in the half-power form as

3 1
U/Uq = 047U, /U)2(y/8%2 +1 = (Us/Us) (D
The velocity ratio U / U, can be obtained from the measured mean
velocity profiles by applying Clauser’s®® methodology to Eq. (2).
The velocity scale U is related to the maximum shear stress velocity

U, using the relation

Us/Uyn =8.0(B/L)} 3)
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Fig. 6 Mean velocity profiles in Perry-Schofield coordinates, Re =
6.9 x 10% (case I).

where U, = (lﬁ_vlmax)% and L is the distance from the wall to the
position of U,,. Equation (3) is important as it relates the mean-flow
parameters to the turbulent-flow parameters.

The mean velocity data obtained at various stations of the diffuser
were plotted on Perry-Schofield'? coordinates, and we found that
none of the resulting profiles fit the Perry-Schofield velocity defect,
Eq. (1). However, these coordinates were found usefu] as the velocity
profiles for station 8, x = 0.557 m, station 9, x = 0.695 m, and the
exit face x = 0.745 m collapse very well on a single asymptotic
curve for both cases I and II, as shown in Figs. 6 and 7. Each of the
other velocity profiles for the upstream stations 1-5 were distinctly
different and could not be fitted with any common curve. Figures 6
and 7 show that the mean velocity data for station 6 x = 0.395 m
results in a profile which is only slightly different from the given
asymptotic profile for stations 8, 9, and the exit face, for both cases
I and II. Hence, the asymptotic profile exists for the final one-third
length of the present diffuser, in the flow regime downstream from
station 6, where appreciable incipient reversals (yx, > 0.2) were
detected in the wall region. This asymptotic outer-law mean velocity
profile for the final stages of the conical diffuser can be fitted by a
seventh-order polynomial

U —U A
=~ = A;(y/BY, 005 <y/B <0.95 4
7 ’éo (y/B) <y/B= 4

with the following values of the constants Ag to A7

Ay =0.811 A =-1.012

Ay =5.639 Ay = -=29.747
Ay =72.407 As = —-95.044
A = 64.157 A7 =—17.208

Figures 6 and 7 show that this asymptotic profile for the coni-
cal diffuser flow is distinctly different as compared to the profile
given by Perry and Schofield.!? Figures 6 and 7 also include an-
other asymptotic profile reported by Dengel and Fernholz'! for an
axisymmetric APG turbulent boundary-layer flow in the vicinity of
separation. It can be seen that the asymptotic profile found in the
final stages of the conical diffuser is distinctly different compared
to the profile reported by Dengel and Fernholz.

According to Coles,?® the development of a turbulent boundary
layer can be interpreted in terms of an equivalent wake profile, and
the flow at a point of separation is locally a pure wake flow. The law
of the wake is characterized by the profile at a point of separation.
This velocity-defect profile, known as Coles wake function, is also
presented in Figs. 6 and 7 for comparison. According to Coles, at the
condition of mean-flow separation §* = 0.58. Using the half-power
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Fig. 7 Mean velocity profiles in Perry-Schofield coordinates, Re =
1.2 x 10° (case ).

Fig.8 Development of similarity velocity ratio and integral layer thick-
ness. O Re = 6.9 x 104, 0Re = 1.2 x 105, B = 2.866*U¢y, /Us; lines
merely indicate the interpreted trend.

law coordinates, the plot of Coles wake function resultedin B ~ §.1It
was found that the velocity profiles in the outer region of the diffuser
flow do not have a universal wake function. Hence, the asymptotic
velocity profile found in the conical diffuser is distinctly different as
compared to the profiles according to Dengel-Fernholz,!! Perry and
Schofield,'? and Coles® law of the wake. These results corroborate
the observation of Schofield!® that the degree of deviation from the
standard Perry-Schofield correlation may probably be governed by
the nature of the flow and the overall flow geometry.

It should be noted that the same asymptotic velocity profile fits
for Re = 6.9 x 10* (case I) and Re = 1.2 x 10° (case II) in the
final stages of the present conical diffuser (Figs. 6 and 7). It is be-
lieved that this asymptotic profile will be a valid representation of
the mean velocity profiles in the final stages of conical diffuser flows
with similar optimum geometries even at high Reynolds numbers,
since the characteristics of diffuser flow do not show any remarkable
Reynolds number dependence once the feed flow is fully developed
and at sufficiently high Reynolds number.® The present study fur-
ther illustrates the importance of Perry-Schofield coordinates for the
mean velocity profiles. It seems that on these coordinates most of
the severe APG flows may develop some asymptotic velocity defect
law in the vicinity of separation.

Figure 8 presents the development of the similarity velocity ratio
U,/ Uy, and Schofield-Perry integral layer thickness B in the conical
diffuser. According to Schofield®° for any equilibrium layer U/ U;
is constant. Hence, a nearly asymptotic value of the ratio U,/ Uy
in the final stages of the diffuser shows a state of quasiequilibrium
and corroborates the development of an asymptotic velocity defect
profile. The distribution of the integral layer thickness B in the
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Fig. 9 Development of shape parameter H and velocity scale Us /U,
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v Simpson et al.*

conical diffuser shows a linear growth similar to its characteristics
found in other APG flows.?

Dengel and Fernholz!! reported a linear relationship between the
shape factor H and the reverse-flow parameter x,. The present
results in a conical diffuser also give an approximately linear re-
lationship between these two parameters as shown in Fig. 9. For
both cases I and II, this relationship may be approximated as
H = 1.805 + 8.06x,, (in the range 0.01 < x, < 0.30). Figure 9
also includes H vs x, data of Simpson et al.>* and Dengel and
Fernholz,'! for comparison purposes. It can be seen that in the ini-
tial stages of the diffuser, approximately up to x,, = 0.12, the data
points of the diffuser flow are close to the data points of the other
two flows.>*!! In contrast, the values of the shape parameter H in
the final stages of the conical diffuser are very high as compared
to the other two flows,>*!! due to axisymmetry, fully developed
turbulent entry flow, and very high blockage in the present flow. It
may be noted that the local blockage factor B, = 28*/R;, has very
high values in the latter stages of the present diffuser.®

We also sought a linear relationship between the Schofield-Perry
similarity velocity ratio U,/ U, and the reverse-flow parameter x.,
as reported by Dengel and Fernholz.!! As expected, we did not
get the same relationship as reported by those authors. However,
we also found a linear relationship between these two parameters
for the conical diffuser flow as shown in Fig. 9. The relationship
reported by Dengel and Fernholz'! is also included in Fig. 9 for
comparison purposes. The relation between U/ Uy, and the reverse-
flow parameter x, for the conical diffuser flow may be given as
U,/ U, =~ 0.736 + 1.41x,, in the range 0.01 < x, < 0.30.

Schofield!® reported wall shear stress distributions from two-
dimensional boundary layers as a function of velocity ratio U/ U,.
The detachment condition was given as 1.15 < U,/ U; < 1.25 (see
Fig. 10). Figure 10 shows a C; vs U, /U, plot for the present ax-
isymmetric diffuser flow; where C; = 7,,/(0.5 prL,.) and U ; isthe
centerline velocity at the diffuser inlet. The approach of Schofield
seems fo be a correct one, since the velocity ratio U; /Uy, in the
conical diffuser results in a value of nearly 1.30 by extrapolation to
Cy = 0, at the condition of mean-flow separation. Schofield also
pointed out that the similarity velocity ratios have higher values,
1.2 < U,/U; < 1.3, for the reattaching layers after a separation
bubble. In an axisymmetric flow, Dengel and Fernholz!! reported
U/ U;s = 1.25, at the condition of mean separation x,, ~ 0.5; and
U;/Us =~ 1.35 in the separated region with x,, ~ 0.7, where U;
is the streamwise mean velocity at the edge of the boundary layer.
These results show that the values of the similarity velocity ratio are
slightly different depending on the flow configuration.

Schofield!¥ indicated that there is a single H vs U, /U, relation
applicable to all attached and separated two-dimensional layers. It
was suggested that the universal mean velocity profile at detachment
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in conical diffuser, e and O Re = 6.9 x 104, Mand 0 Re = 1.2 x 10°, boxed
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indicate the scatter limits for attached data according to Schofield,”
¥ Simpson et al.,> v Simpson et al.4

has a similarity velocity ratio near 1.2, which results in # = 3.3.
Schofield gave the following relationship for such flows, H = (1 —
0.58U,/U,)~!. Inthe axisymmetric conical diffuser flow, we found a
similar relationship with a different constant. This relationship may
be expressed as H = (1 —0.67U,/U.)"!. Figure 10 shows plots of
these two relationships applicable for two-dimensional boundary-
layer flows and axisymmetric diffuser flows, respectively. In the
present conical diffuser, the asymptotic velocity profile develops in
the final stages, in the region where U;/ Uy, > 1.0 and the shape
factor H > 3.2.

Figure 11 presents the relation between the mean flow parameters
(U; and B) and the shear stress profile (U,, and L) in the present
diffuser. The relation between the velocity scale U, and the maxi-
mum shear stress velocity U,, and the scatter limits for the attached
data according to Schofield!? are also shown. The data of Simpson
et al.>* are included for comparison purposes. It can be seen that
the relationship of the mean-flow parameters with the turbulent-flow
parameters in the conical diffuser has a nature similar to thatin APG
boundary layers.

C. Integral Length Scales

To describe the structure of a turbulent flowfield it is essential
to know the length scale of turbulence. The Eulerian longitudinal
integral length scale L is considered to represent the streamwise
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Fig. 12 Distribution of streamwise integral length scale Ly in pipe and
conical diffuser. Re = 1.2 X 10° (case II), © pipe, e station 6, A station
8, B station 9; lines merely indicate the interpreted trend.

scale of the energy containing eddies. The distribution of L, was
obtained in the pipe and at the three selected stations in the conical
diffuser from the one-dimensional energy spectrum E| (k,), using
the relation L ; = limg, o) 7 E1 (k1) /(2u?), where k; is the wave-
number. The profiles of Ly in the pipe, and at stations 6, 8, and
9 in the diffuser, are presented in Fig. 12. The uncertainty of each
data point is estimated as being in the order of £8%. These profiles
were calculated from the hot-wire spectra data reported by Azad
and Kassab?! for a similar geometry conical diffuser. It can be seen
that the large eddies in the diffuser flow are continuously elongated
in the direction of the flow in the initial stages, whereas the increase
in length scales slows down in the final stages. The increase in the
length scale L ; with the flow moving in the downstream direction
indicates a growth of the turbulence structure.

According to rapid distortion theory (RDT), turbulent flows can
be classified into rapidly changing and slowly changing in terms of
their initial and boundary conditions.?? If the travel time Tp (equal
to the ratio of the distance along the streamline of the mean flow
through the turbulent flow domain L, to the local mean velocity U)
of a fluid element within the turbulent flow domain is much greater
than the memory time T}, (equal to the ratio of integral length scale
L to the local rms velocity of the turbulence u'), it might be ex-
pected that the turbulence would become approximately indepen-
dent of the initial condition. The ratio Tp/ T}, can be used to divide
the turbulent flows into the flows with rapidly changing turbulence
(RCT) when Tp/T;, « 1 and slowly changing turbulence (SCT)
when Tp /T, > 1.

Figure 13 presents the distribution of the ratio Tp /Ty, for three
selected stations 6, 8, and 9 for case II, considering the pipe exit
face as the reference condition. It can be seen that the value of the
ratio Tp/T;, < 1 in the core region, indicating that the turbulence
in the core region at these three stations of the conical diffuser will
be sensitive to the initial conditions. Therefore, the core region in
the final stages of the present diffuser can be classified as a region
of RCT. In the wall regions at stations 6, 8, and 9 the ratios T/ T},
are appreciably larger than unity, indicating that the wall regions at
these stations would become partially independent or less sensitive
to the initial conditions and can be classified as the regions of SCT.

These results corroborate the findings of Hunt and Carruthers3?
that in most turbulent flows the ratio Tp/7;, < 1 in the interior
of the flow and Tp/Tr > 1 near the wall. The slowly changing
nature of the wall layer in the final stages of a conical diffuser is
also supported by other measurements such as slower increase in the
level of instantaneous flow reversals, movement of peak production
away from the wall, and nearly asymptotic behavior of various flow
parameters such as 8, and P, in the latter part of the diffuser. A
fully developed turbulent flow in a pipe far from the entry should
be independent of the incoming turbulence.>? Figure 13 shows the
distribution of T / T}, at the pipe exit, calculated taking the pipe entry
face as the reference location. As expected, in the central and wall
region of the pipe flow the values of Tp /Ty, are appreciably larger
than unity, indicating a fully developed turbulent flow condition in
the pipe at the diffuser inlet.
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Another criteria for a turbulent flow to be unaffected by the pres-
ence of the boundary is the ratio L,/n, where L, is the radial or
vertical integral length scale and » the distance of the eddy from the
boundary. The value of the ratio L, /n determines whether or not the
boundary affects the eddies. If L, /n >> 1, the turbulence is affected
by the boundary conditions at a distance n. In the present diffuser
flow at station 6 x = 0.395 m, according to the results of Azad and
Hummel® for a similar geometry diffuser, the approximate range for
the value of L, is 8—14 mm, and the value of the local radius # is 80
mm. This results in values of L, /n between 0.175 and 0.1, indicat-
ing that the turbulent flow will show some insensitivity toward the
presence of the boundary at station 6 and farther downstream, as the
value of n further increases at the downstream stations in the conical
diffuser. These results support the development of the asymptotic
mean velocity profile in the final one-third of the conical diffuser
flow.

The development of the relative intensity of streamwise fluctu-
ating velocity u'/U, where u’ is the rms value of the fluctuating
streamwise velocity; u; S, the skewness factors of u and F,; the fiat-
ness factor of 4, along the conical diffuser centerline, at y = ¥jz5( max»
and at y = (Y max)/2 are presented in Figs. 14a, 14b, and 14c,
respectively. The development of these quantities in the final stages
of the diffuser flow also supports the classification of the core re-
gion as RCT and wall region as SCT. Figure 14a shows that in the
final stages of the diffuser, downstream from station 6 x = 0.395m
the intensity #’/U in the core region increases almost two-fold;
whereas the increase in #'/ U in the wall region along the other two
selected loci at y = Yygimax a0d ¥ = (Vizwimax)/2 is appreciably
lower. Figure 14b illustrates that the S, is essentially zero along
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Y = Yjzz|max> and it increases only slightly along y = (¥j5max)/2-
Similarly, in the final stages of the conical diffuser the profiles of F,
along the two selected loci in the wall region do not show remark-
able variations, whereas the centerline values of S, and F, change
dramatically especially in the final one-third of the conical diffuser
(Figs. 14b and 14c). This behavior of u’/U, S, and F, illustrates
the conical diffuser core to be a region of RCT.

IV. Conclusions

1) Existence of a new asymptotic mean velocity defect profile
has been found in Perry-Schofield coordinates in the final one-third
length of the conical diffuser. This asymptotic profile exists in the
downstream region from the location of intermittent transitory de-
tachment (ITD).

2) The mean velocity profiles obtained in the second-half of the
conical diffuser indicate a distinct point of inflection, illustrating the
changing characteristics of the mean flow in the intermediate and
final stages of the conical diffuser.

3) Application of some basic diagnostic aspects of the rapid dis-
tortion theory (RDT) revealed coexistence of the regions of rapidly
changing turbulence (RCT) and slowly changing turbulence (SCT)
at various stations of the conical diffuser. The central core region
of the diffuser illustrates characteristics of RCT, whereas the wall
regions were found to have attributes of SCT. The wall regions of
the final stages in the diffuser indicate less sensitivity to the initial
conditions. The diffuser flow also shows some insensitivity toward
the local boundary conditions in the final stages.

4) The present study corroborates the relevance of Schofield pres-
sure gradient parameter 8* and scaling velocity U, for severe ad-
verse pressure gradient incipient-separating flows with relatively
small friction velocities. A new nondimensional pressure gradient
parameter P, [= (v/ pr)(de /dx)] is suggested for moderate to
severe adverse pressure gradient flows. It was found appropriate to
characterize the present conical diffuser flow using this parameter.

5) The relationship between the mean flow parameters (U and B)
and Reynolds shear stress profile (U,, and L) in the conical diffuser
was found to have similarity with the separating boundary-layer
flow of Simpson et al.>** Whereas the relationships between the
shape parameter H and Perry-Schofield velocity scale Us /Uy, H
and reverse-flow parameter x,, and x,, and Us/ U in the conical
diffuser flow show different characteristics as compared to two-
dimensional boundary-layer flows subjected to adverse pressure
gradient.

6) A new relationship was found between Perry-Schofield ve-
locity scale U/ Uy, and the shape factor H for the axisymmetric
flow in a conical diffuser. The parameters x,, and H show a lin-
ear relationship. The parameters yx,, and U,/ U, also have a linear
relationship in the conical diffuser. These relationships were found
valid for both cases I and II.
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