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A numerical study was performed of two turbulent boundary layers with sudden changes of the slip velocity at
the wall. The � rst is the two-dimensional � ow on a � at plate with a sudden increase of the wall velocity. The second
� ow is a three-dimensional boundary layer along a cylinder whose upstream section is rotating with a constant
circumferential velocity, while the downstream section remains still. Computations were carried out with a wide
rangeof simpleeddy-viscositymodels:analgebraicmodel, two one-equationmodels,a two-equationk–" model,and
a zonal k–! model. For the two-dimensional � ow, it is shown that though all of the models somewhat overestimate
the rate of relaxation of the inner region of the boundary layer after its perturbation, they are quite capable of
predicting the crucial reduction in skin friction over the movingwall.They also describe adequately the insensitivity
of the outer region of the boundary layer to the removal of the inner region, found in the experiments. From the
standpoint of accuracy of the major two-dimensional � ow characteristics, the zonal k–! and two one-equation
models appear to be close to each other and signi� cantly better than the two-equation k–" and algebraic models.
For the three-dimensional � ow, all of the models perform approximately equally, with only a slight superiority
of the differential models over the algebraic model. When one considers that these models cannot reproduce the
signi� cant deviation between the Reynolds-stress vector and the shear vector observed in the experiment, the
agreement of the computations with the data on the mean � ow characteristics is unexpectedly good.

Introduction

A LARGE change of the solid wall velocity results in a sig-
ni� cant alteration of the turbulent boundary-layer structure,

independent of pressure gradients. It could constitute a severe test
for turbulence models, which are designed and calibrated mostly
with zero slip velocity. Even if the models fail to predict the effect
accurately, it is of interest to � nd out how differentmodels compare,
which can give guidelinesfor their improvement.These tests can be
performed using the boundary-layerequations.

Severalexperimentalstudiesare availablewherean abruptchange
of the wall velocity is obtained (for instance, see Refs. 1–4). In the
present work we have computed two of them,1;2 both being rela-
tively simple but representativeenough to provide an answer to the
questionof whether eddy-viscositymodelsare capableof predicting
consistently the major effects observed in the experiments.

In the experiments by Hamelin and Alving (H–A),1 a sudden
change of the slip velocity under the canonical turbulent boundary
layer on a stationary � at plate is obtained by translating a section
of the wall underneath the boundary layer in the direction of the
mean � ow, using a belt (see schematic Fig. 1a). It results in the
sudden removal of the inner part of the layer, which represented
about 60% of the velocity difference, providing insight into the in-
teraction between this inner high-shear region and the outer regions
of the turbulent boundary layer. The elucidation of that interaction
mechanism is both of scienti� c interest and of practical importance
because most of the semi-empirical turbulence models are, explic-
itly or implicitly, based on the two-layer turbulent boundary-layer
concept. Thus, a better understandingof the inner–outer interaction
may greatly help the enhancement of such models.

The second � ow chosen as a benchmark in the present work was
studied experimentally by Driver and Hebbar (D–H)2 in 1987. Just
as with the H–A � ow, it involves a sudden change of the slip velo-
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city, but of a quite different nature. Namely, D–H studied the decay
of cross� ow on a stationary section of cylinder located immediately
downstream of a spinning section (see schematic Fig. 1b). In this
three-dimensional boundary layer, just as in the two-dimensional
H–A case, the memory effects, of which the correct predictionwith
simple turbulencemodels is doubtful,might play an important role.
In addition, a peculiar feature of the D–H boundary layer is a rapid
change in mean rate of strain along the streamlines resulting in sig-
ni� cant Reynolds-stressanisotropy.Therefore, the D–H � ow seems
to be a challengingtest, particularlyfor turbulencemodels based on
the scalar eddy-viscosityassumption.

Numerical Technique and Problem Statement
Computations were performed using a plane-two-dimensional/

axisymmetric-three-dimensional turbulentboundary-layersolver. It
implementsan implicit two-layer � nitedifferenceschemeof the � rst
order in the x direction, streamwise, and a second-order scheme
in the y direction. The grid is nonuniform in both directions with
x clustering in the region of the sudden change of slip velocity (near
the beginningof the movingbelt for the H–A � ow and in the vicinity
of the junction of the spinning and still cylinders for the D–H � ow)
and with y clustering near the wall. At every streamwise step the
� nite differenceequationsare solvedby the scalar tridiagonalmatrix
inversion algorithm, with iterations for the nonlinear terms.

Boundary conditions are as follows. The streamwise velocity at
the outer edge of the boundary layer, Ue, is generally used for nor-
malization. The freestream boundary conditions for the turbulent
characteristics needed for the turbulence transport equations of the
differential turbulence models, reproduce the low-turbulence level
(0.1%) in the experiment.For the eddy-viscositytransportequations
[the Spalart–Allmaras (S–A)5 model and Shur et al.6 ºt -92 model],
it is reached by setting the eddy viscosity ºte at the outer edge of
the boundary layer to 10¡3 times the molecular viscosity º. For the
Chien7 k–" and Menter8 k–! (M-SST) models, the turbulence en-
ergy ke at the outer edge is set to the experimental value 10¡6 U 2

e ,
and the value of "e is computed by the already mentioned ºte and
ke values. For the speci� c dissipation rate !e , the following relation
recommended in Ref. 8 is used:
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a) H–A1

b) D–H2

Fig. 1 Schematic of the experimental setup.

!e D 4 ¢ u2
¤

.¯¤/
1
2 Ue±¤

where the friction velocity is u¤ D .¿w =½/1=2, ±¤ is the boundary-
layer displacement thickness, and ¯¤ D 0:09.

Note that, based on Ref. 9 and our own sensitivity study, the con-
sidered models are not sensitive to the parameters of the freestream
turbulenceand, particularly,do not react to two ordersof magnitude
increase or decrease vs the values pointed out earlier.

At the stationary part of the solid wall, the boundary conditions
for themomentumequationare the conventionalno-slipandnonper-
meability conditions. At the moving belt, the streamwise velocity
is set to that of the belt, that is, 4 m/s compared with Ue D 6:5 m/s,
and downstream of the belt, it is set to zero again.

Special attentionshould be paid to the boundaryconditionsat the
gap between the stationaryplate and the moving belt. The belt drags
additional � uid into the boundary layer. In Ref. 1 the mass � ux of
that injected � uid is estimated to be approximately 1% of the mass
� ux across the boundary layer. To model this effect, the boundary
conditions at the gap are imposed as follows. The streamwise velo-
city is assumed to vary linearlyfrom zero at the end of the stationary
plate up to the belt velocity at the end of the gap, the length of which
is estimatedas 0.02 m. The normalvelocitycomponentover thegap,
vw , is assumed constant and computed to match the earlier value of
the injected mass � ux (1% of the mass � ux across the boundary
layer). It gives a value of vw D 0:097 m/s. To assess the sensitivity
of the � ow to vw , runs were performed also with vw D 0 and with
vw D 0:291 m/s.

The wall boundaryconditionsforºt , k, and " are zero,and the wall
value of the speci� c dissipation rate, !w , is computed as in Ref. 8:

!w D
10 ¢ 6º

¯2
1 1yw

; ¯1 D 0:0750

where º is the molecular kinematic viscosity and 1yw is the near-
wall grid step.

Finally, the in� ow pro� les, at the leading edge of the station-
ary plate, are assumed uniform for all of the � ow quantities. In the
experiments,1 a � xed transition location is obtained by a wire lo-
cated at the start of the test section. Thus, in our computations all
of the turbulence models were activated in the very beginning of
the stationary plate. For the algebraic Cebeci–Smith (C–S) model
(see Ref. 10), this is straightforward (by switching the model on at
x D 0:15 m downstream of the plate beginning). For the differential
models, transition is controlled by means of special trip terms in-
troduced in the corresponding transport equations by analogy with

Fig. 2a Computed and measured streamwise mean velocity pro� les at
» = ¡¡ 0:3.

Fig. 2b Skin-friction coef� cient distributions along the stationary
plate.

that term in the S–A model.5 In all of the cases it results in a fast
transition to turbulence at the stationary plate and in the formation
of a turbulent boundary layer with its main characteristicsclose to
those in the experiment (see Figs. 2 and 3).

For the D–H � ow, the only difference is that the circumferential
velocityon the spinningsection is Ws DUe D 36 m/s. The computa-
tions were started near the end of the spinningcylinder, at x D ¡5±0

.±0 D 0:029 m is the boundary-layer thickness at the � rst experi-
mental section). The experimental velocity components u and w
and turbulentkinetic energy k distributionsmeasured at that section
in the experiment, along with the experimental data on the eddy
viscosity ºt , were directly used as the correspondinginlet boundary
conditions.The inlet pro� les of ! and " needed for the M-SST and
Chien models were computed with the use of the experimental data
on k and ºt .

Grid-re� nement studies were conducted for both � ows with all
of the turbulencemodels, and the grid parameters were chosen pro-
viding the virtuallygrid-independentsolutionsdiscussed in the next
section.

Results and Discussion
H–A Flow

Figure 2a shows the agreement between the models’ predictions
and experimentaldata on the streamwisemean velocitypro� le at the
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Fig. 3 Streamwise distributions of a) skin-friction coef� cient, b) dis-
placement thickness, and c) momentum thickness.

end of the stationary plate, just before the start of the perturbation.
The parameter » D .x ¡ x0/=±0 in Fig. 2a is the normalized form of
the streamwise coordinate, x0 is the location of the leading edge of
the moving belt, and ±0 is the boundary-layer thickness there. One
can see that all of the models, exceptperhapsfor the C–S model, give
velocity pro� les rather close to each other and to the experimental
one. The observed discrepancy can be attributed, at least partially,
to the fairly low Reynolds number at the end of the stationaryplate:

Re2
»D 2 £ 103 . The turbulence might not be completely developed

in the experiment, and this Reynolds-number range is not empha-
sized in the calibration of the models (Re2 D 1 £ 104 is typical).
However, that discrepancy is not too high, which supports the claim
in Ref. 1 that, though the � ow is not quite free of low-Reynolds-
number effects, they do not seem to be signi� cant. This conclusion
can be drawn also on the basis of the comparison of the computed
C f .Re2/ curves, with the correspondingexperimental data and the
well-known Karman–Schoenherr and Bradshaw correlations for a
� at plate turbulent boundary layer (Fig. 2b).

Figure 3 shows the comparison of the models’ predictions with
the experimental data on the streamwise distributions of the skin-
friction coef� cient C f and boundary-layer integral thicknesses
.±¤ and 2) along the moving all. All of the models do predict the
crucial drop and sign change of the friction coef� cient observed in
the experiment,beginningbetween » D ¡0:3 and C0:3 and extend-
ing to » D 3. With the M-SST, S–A, and ºt -92 models, just as in
the experiment, after that drop, C f becomes positive again and then
increases gradually while remaining around an order of magnitude
smaller than on the stationary plate; it is very close to the exper-
imental data. The k–" Chien and C–S models, unlike the M-SST,
S–A, and ºt -92 models, fail to predict the positive C f values ob-
served in the experiment over the major part of the moving belt.
Thus, we observe that from the friction prediction standpoint the
M-SST, S–A, and ºt -92 models can be evaluated as unexpectedly
good and having a signi� cant advantage over the C–S and Chien
models. This is less of a disappointmentfor the C–S model because
algebraic models were not claimed to respond well to step changes
of the boundary conditions.

With regard to the displacement and momentum thicknessespre-
dictions with different models, their disparity at the moving belt is
evenless than that observedat the still plate and, in general, the mod-
els agree with the data quite well (Figs. 3b and 3c). The experimen-
tal friction and momentum-thicknessdistributionsare not perfectly
consistent with the von Kármán momentum equation: the deriva-
tive d2=dx changes its sign at » »D 5:0 (Fig. 3c) while the friction
coef� cient becomes positive tangibly earlier, at » »D 2:0 (Fig. 3a).
The absolute value of the derivative also seems to be high, when
compared with the friction coef� cient.

One of the major � ndings of Ref. 1 is that, in spite of the signi� -
cant decay of the turbulentshear stresses in the inner layer causedby
the abrupt change of the slip velocity from zero to that of the mov-
ing belt, the structure of the outer region of the disturbed boundary
layer is little affected by this decay. It remains virtually unaltered
at least as far along the moving belt as 10 initial boundary-layer
thicknesses. It appears that with any of the considered models the
computedvelocitypro� les demonstrate just the same behavior.One
can see this from Fig. 4, where the evolution of the velocitypro� les
computed with different models is presented. Though the velocity
pro� les with differentmodels are rather different (their comparison
with the experimental data is considered, in Fig. 5), the perturba-
tion to the initial velocity pro� les generatedby all of the differential
models at » D ¡0:3 remains restricted to the vicinity of the wall,
and even at the last experimental station (» D 11:1) it reaches only
around y=±99 D 0:3 » 0:4 (Fig. 4), which agrees fairly well with the
experiment (±99 is the local boundary-layer thickness). With the al-
gebraicC–S model, the reactionof the outer layer to the perturbation
of the inner one starts somewhat earlier, but is not very strong either.

We view this result as more predictablethan the authors of Ref. 1
did. A fair timescale for the outer layer is ±=u¤, or here about
25 ¢ ±=Ue; u¤ is the friction velocity on the � xed plate and sets the
scale for the incoming turbulence. The time for outer-layer eddies
to travel a distanceof x D 10± (» D 10) is about 13 ¢ ±=Ue ; therefore,
a full adjustment to the new near-wall input cannot be expected. An
additional factor is that the near-wall turbulent eddies, which are
altered, have length scales much smaller than those of the outer ed-
dies; this impedes the propagationof the alteration.A further factor
is that the altered eddies are weakened, relative to those in the outer
layer. To check this estimation (while not claiming that models con-
tain all of the physics), computationswere performedfor a very long
moving belt (» up to 1000). The results presented in Fig. 4f show
that with the S–A model, the outer region of the boundary layer
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Fig. 4 Evolution of the streamwise mean velocity pro� les along the moving belt (» <– 11:3) computed with different turbulence models and S–A
predictions up to » = 100.

at the moving belt can be considered as fully developed only as far
downstreamfrom the beginningof the belt as » »D 100. Very similar
results were obtained with the other turbulence models.

Thus, we can conclude that from the standpoint of the slight
response of the velocity pro� le in the outer layer to the sudden
inner-layerremoval,allof the turbulencemodelswe haveconsidered
performquitewell. Let us now considerthecorrespondencebetween
the models’ predictions and the experimental data in more detail.

Figures 5 and 6 contain a comparison of the computed and mea-
sured mean velocity and Reynolds shear-stressespro� les evolution

along the moving belt. One can see that the computed velocity
pro� les in the close vicinity of the leading edge of the belt ex-
hibit too rapid a relaxation. For instance, at the � rst experimental
station » D 0:3 the measured minimum value of u=Ue is around
0.35, whereas the corresponding computed values lay in the range
0:42 » 0:5 (Fig. 5a). Then that discrepancy gradually decreases
(Figs. 5b–5e), and in the later-responseregion (» ¸ 3:5), the velocity
pro� les in the inner layer computedwith the use of the S–A and, es-
pecially, with the M-SST model agree well with the experiment;
the ºt -92 model somewhat overestimates the rate of inner-layer
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Fig. 5 Comparison of measured and computed streamwise mean velocity pro� les.

relaxation, whereas the Chien and, especially, C–S models, on the
contrary, tangiblyunderestimate that rate, which results in very low
(and even negative) skin friction at the moving belt as already men-
tioned. Thus, an adequate prediction of the velocity relaxation in
the inner region of the boundary layer turns out to be an issue for
all of the turbulence models, though the M-SST model experiences
dif� culties mostly at the stage of the � ow initial response (» · 3:5),
whereas the other models disagree with the data to varying degrees
up to the end of the moving belt (» D 11:1; see Fig. 5f).

A similar conclusionapplies to the Reynolds shear stress pro� les
(Fig. 6). Just as for the velocity pro� les, no model is able to predict
the experimentaldata in the inner layer in the initial response region
(all of the models signi� cantly underestimate the stresses). In the
later-responseregion (» ¸ 3:5), the predictionsof the stress pro� les
provided by the S–A, M-SST, and ºt -92 models are close to each
other and to the experiment(Figs. 6a–6c). This is a pleasantsurprise
because they have not simply returned to the standard shape of the
� at plate boundary layer. The Chien and C–S models signi� cantly
underestimate the stresses everywhere at the moving belt (Figs. 6d
and 6e), and it seems that the Chien model demonstrates a very
strong effect of diffusion coming from the wall region. This effect
is probablycaused by the actionof the damping function introduced
in the Chien model to describe low Reynolds number effects.

To summarize, the results obtained give solid evidence of the su-
periority of the M-SST, S–A, and ºt -92 models over the Chien and
C–S models. As to the inability of the � rst three models to describe
very accurately the inner-layer response to the sudden slip velocity
increase, at least two explanationscould be suggested.The � rst one
is associated with the effect of the extra (stretching) strain caused
by the jump of the wall velocity. According to the experiment, this
results in a signi� cant growth of the Reynolds-stresscomponents in
the region of initial response (Fig. 6), which cannot be accounted
for properly by the eddy-viscosity turbulence models with which
we are dealing. The second proposal is the additional inaccuracy
introduced by the approximate approach used in the computations
to describe the effect of the extra mass Pm dragged through the gap
between the stationaryplate and the moving belt, which, apparently,
shall have the strongest in� uence exactly in the initial response re-
gion. To evaluate the role of the vagueness in the Pm value, a series
of computations was performed with that parameter varying from
Pm D 0 up to Pm D 0:03 of the total mass � ux across the boundary
layer. The corresponding results obtained with the S–A model are
presented in Fig. 7. (Other models react to the variation of Pm quite
similarly.) One can see from Fig. 7 that the Pm value affects the re-
sults quite tangibly and that increasing it up to 3% of the mass � ux
through the boundary layer results in a better prediction of both
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Fig. 6 Comparison of measured and computed Reynolds shear stress pro� les at » = 0:3, 1; » = 1:3, 2; » = 3:5, 3; » = 6:0, 4; and » = 11:1, 5.

velocity and shear stress pro� les in the region of initial response.
However, in the later-response region, it makes the agreement with
the data somewhat worse. Thus, we can conclude that the approxi-
mate modeling of the moving belt effect used in the computations
(prescribing a linear variation of the streamwise velocity and con-
stant,with Pm D 1%, normal velocity along the gap) might bear some
responsibility for the insuf� cient accuracy of the S–A, ºt -92, and
M-SST in the initial-responseregion.

Figure 8, related to the H–A � ow, shows the models’ performance
over the stationary plate placed downstream of the moving belt.
It shows that, just as in the experiment, the response of all of the
models to the suddenreturnof a high shear stress in the inner region,

unlike their reaction to its removal, is very fast. In other words, all
of the models predict the nonreversibility of the boundary-layer
response to the removal vs restoration of the mean shear found in
the experiment. This is consistent with our earlier argument that
weakened turbulence in one region is not as prompt in propagating
changes as strengthened turbulence is.

D–H Flow
The major feature of interest found in the experiment2 is the lack

of alignment of the Reynolds stresses and the mean shear in the x –z
plane.We were ready for a similar and inadequatebehaviorof scalar
eddy-viscosity turbulence models, including those studied in the
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Fig. 7 Effect of additionalmass � ux injected through the gap on the computed mean velocity and Reynolds shear stress pro� les due to the S–A model.

Fig. 8 Computed and measured mean streamwise velocity pro� les at
the stationary � at plate downstream of the moving belt.

present work. However, as it often occurs with turbulence models,
they do not perform as badly as could be expected, as shown by
their agreement with the experimental data on the major mean � ow
characteristics in Figs. 9–12.

We � rst � nd that the longitudinal distributions of both axial and
transverseskin-frictioncoef� cientsC f x andC f z comparefairlywell
with the experiment(Fig. 9). The latter quantitydemonstratesa rapid
drop caused by the decrease of the transverse velocity downstream

Fig. 9 Comparison of the computed and measured axial and trans-
verse skin-friction coef� cients distributionsdownstream of the spinning
cylinder.

of the spinning cylinder, just as observed in the experiment. The
axial mean velocity pro� les u=Ue, in general, also agree with the
experimental data quite acceptably (Fig. 10a), although the models
do not predict the small � ow acceleration seen near the wall in the
experiment.

The agreement of the transverse mean � ow characteristics with
thedata is somewhatworse than thatof the streamwise� ow. Namely,
the � ow angle ¯ in the vicinity of the wall in the computations turns
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a) Axial mean velocity

b) Transverse mean velocity

Fig. 10 Comparison of the measured and computed pro� les downstream of the spinning cylinder.

Fig. 11 Computed and measured streamwise distributions of the sur-
face � ow angle ¯s(x) and � ow-angle pro� le ¯(y/±0 ) at x/±0 = 1:7.

out to be tangibly overestimated.That inaccuracyof the models can
be seen from the comparison of the models’ predictions with the
experimentaldata on the streamwise distributionof the surface � ow
angle and from the � ow-anglepro� le at x=±0 D 1:7 shown in Fig. 11.
Therefore,we can conclude that the models signi� cantly underesti-
mate the rate of decay of the transverse velocity w nearest the wall
as also clearly seen from Fig. 10b, where the evolution is shown of
the computed and measured transverse velocity pro� les. However,

Fig. 12 Polar velocity plots: models’ predictions at x/±0 = 0:2, 1;
x/±0 = 0:8, 2; x/±0 = 3:3, 3; and x/±0 = 15:0, 4.

the outer part of the transversal velocity pro� les is predicted rather
accurately. The same trends are shown in another form in Fig. 12,
where the evolution is presentedof a polar velocityplot downstream
of the spinning and stationary cylinders junction.

Note also that the character of the discrepancybetween the mod-
els’ predictionsand the experimental data for the D–H mean � ow is
not the same as that for the H–A � ow. In particular, as was already
mentioned,for the D–H � ow all of the models underestimatethe rate
of response of the transverse velocity in the near-wall region to the
new boundary condition (cessation of spin), whereas for the H–A
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Fig. 13 Experimental data on ºtx , ºtz , and strain and stress angles
compared with a) computed scalar eddy viscosity and b) strain/stress
angle pro� les.

a) u0 v 0

b) v0 w0

Fig. 14 Comparison of the measured and computed Reynolds shear stress.

� ow they, on the contrary, overestimate the rate of the inner-layer
responseto theabruptincreaseof the slipvelocity(Fig. 5). Also note
that for the H–A � ow the discrepancy between the predictions and
the data on the mean velocity is gradually decreasing downstream
of the perturbation location, whereas for the D–H � ow that discrep-
ancy is � rst growing and then starts dropping only at x=±0 ¸ 7:5
(Fig. 10b). This difference is probably explained by the different
sources of the models de� ciency for the two � ows being consid-
ered. In the H–A � ow, we have invoked the memory effects and an
additional stress generation due to the strong � ow acceleration in
the closevicinityof the gap between the stationaryplate and moving
wall; both factors have a diminishing in� uence downstream of the
gap. In the D–H � ow, the major source of the models inaccuracy is
the violation of the scalar eddy-viscosityassumption, which, based
on the experiment,is negligibleat the spinningcylinderbut becomes
rather severe downstream, that is, exactly where the maximum dis-
agreement is observed between the predictions and the data on the
transverse velocity. The level of differencebetween the streamwise
and transverse eddy-viscosity components ºt x and ºt z , determined
in the experiments as the ratios of the appropriate shear stress and
strain components at x=±0 D 3:3, is shown in Fig. 13a; the com-
puted, scalar, eddy viscosity pro� le is also presented. One can see
that the models’ predictions more or less agree with the data on ºt x

and crucially, by a factor of 4, underestimate the data on ºt z. This
makes it quite clear why the computationspredict too slow a decay
of the transverse � ow. The same effect is shown in Fig. 13b, where
a comparison is presented of the experimental strain and stress an-
gles with a corresponding computed pro� le (in the framework of
the scalar eddy-viscositymodels, the angles are identical).

In general, the turbulentcharacteristicscomputedwith the differ-
ent turbulence models for the D–H � ow are far from satisfactory,
which is just what could be expected for a � ow with signi� cant
spread between Reynolds-stress and strain directions. Curiously,
whereas the scalar eddy viscosityºt predicted by the models agrees
better with the experimental axial eddy viscosity ºt x , for the shear
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stresses, a qualitatively better correspondence is observed for the
transverse component u 0w0. As shown in Fig. 14, the measurement
reveals a local minimum in the u0v 0 pro� les whereas the models pre-
dict a maximum near the wall where the data has a minimum (note
that computations with the use of the Launder et al.11 Reynolds
stress model performed in Ref. 2 have just the same defect). Com-
puted and measured transverse shear stress pro� les (Fig. 14b) are
qualitativelysimilar though all of the models tangibly underpredict
the measured u0w0 values.

As to the models’ rating, it differs in the D–H � ow and in the H–

A � ow. The most evident difference is that for the D–H � ow all of
the models perform almost the same, and no signi� cant superiority
is observed of the M-SST, S–A, and ºt -92 models over the k–"
Chien model (recall that for the H–A � ow the latter one is de� nitely
lagging). Only the simplest algebraic C–S model gives tangibly
worse results than all of the others, especially for the turbulent � ow
characteristics.

Conclusions
Two boundary layers with an abrupt change of the wall velocity

havebeen studiednumericallywith the use of severaleddy-viscosity
turbulencemodels. From the comparisonof the models’ predictions
with the experimental data for the � rst � ow (H–A)1 it can be con-
cluded that the one-equation eddy viscosity transport turbulence
models, S–A5 and ºt -92 (Ref. 6), and the two-equation k–! SST
model8 are quite capable of predicting the major � ow characteris-
tics everywhere except for the close vicinity of the gap between the
stationary plate and the moving belt used in the experiment to im-
plement a sudden removal of the inner region of the boundary layer.
The Chien7 k–" model, just as the simple algebraic mixing-length
C–S model,10 turned out to be unable to predict this � ow accurately.

As could be expected, eddy-viscosity models are unable to cap-
ture the turbulent � ow characteristics directly associated with the
Reynolds-stressvector direction, which is rather signi� cant for the
three-dimensionalboundary layer on the spinning/stationary cylin-
dersystemstudiedexperimentally(D–H).2 However themajormean
� ow characteristics (for instance, the skin-friction distribution and
the axial and transverse velocity pro� les) computed with the dif-
ferential models do not suffer from that drawback as much as we
expected and are computed with a suf� cient accuracy. Possibly, the
inner layer has much control over the skin friction and does not
contain protracted three-dimensionaleffects.

A general conclusion based on both � ows is that the response of
the k–! SST model and the S–A and ºt -92 one-equationmodels to

an abrupt change of the wall velocity is qualitativelycorrect and, by
and large, accurate. The Chien k–" model performed well only in
one � ow; the algebraic C–S model, as could be expected because
it was meant for slowly evolving � ows, failed to predict either � ow
correctly.
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