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Flow Visualization and the Three-Dimensional Flow
in an Axial-Flow Pump
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Surface flow visualization on an axial-flow pump results in patterns of the skin-friction lines on various
surfaces and these patterns provide important insight into the topology of the three-dimensional flowfield.
In particular, critical points and lines within the patterns give characteristics of three-dimensional sep-
aration and the formation of vortical structures. Here, oil-paint tests show the topology for the formation
of horseshoe vortices, the structure of three-dimensional corner separation, the initial development of a
rotor tip leakage vortex, and the development of other important secondary flows. Surface flow visuali-
zation can also provide information concerning boundary-layer transition. In summary, the surface flow
visualization experiment presented in this article allows one to give a fairly detailed description of the
complex flow within an axial-flow pump.

Introduction

THE separation of three-dimensional, turbulent boundary
layers leads to the formation of vortical structures within

the flowfield. Within a turbomachine, these secondary flows
result in total-pressure losses and deviations in flow turning.
Before one attempts to quantify these secondary flows by ac-
quiring measurements in the flowfield itself, a careful inter-
pretation of patterns obtained from surface flow visualization
can give a reasonable description of the secondary flows gen-
erated by separation.

For the incompressible flow of water through an axial-flow
pump, oil-paint methods give reliable surface flow visualiza-
tion patterns. If one covers either entire surfaces or spots on
surfaces with a thin coat of oil-paint, the shear stress within
the flow will carry the oil-paint with it and, in time, will es-
tablish a persistent pattern. In a similar oil-streak flow visu-
alization technique, Squire1 showed that the direction of the
resulting streaks passing through a point on a surface is very
close to the direction of the skin-friction line passing through
the same point. Tobak and Peake2'3 also concluded that surface
flow visualization patterns should be interpreted as being rep-
resentative of skin-friction lines. Skin-friction lines are very
similar to limiting streamlines, which result in the limit as the
height between external streamlines and the surface ap-
proaches zero. As long as these limiting streamlines remain
parallel to the surface, they remain indistinguishable from
skin-friction lines. However, in the vicinity of lines of sepa-
ration, limiting streamlines can rise rapidly and leave the sur-
face. Since lines of separation are themselves skin-friction
lines, surface flow visualization patterns may not give an in-
dication of limiting streamlines near regions of separation.

In some regions of separation, the streamwise pressure gra-
dient strongly affects the oil-paint flow by decelerating the
flow, thickening the oil-paint film, and causing the oil-paint to
accumulate. Tobak and Peake2'3 call this a local separation line,
of which a two-dimensional separation line is a good example.
If local reattachment occurs, the oil-paint accumulation will
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stop as the shear stress increases. One must take care when
interpreting an oil-paint accumulation region as laminar sepa-
ration and turbulent reattachment, since the oil-paint pattern
might be indicating a region of natural or bypass transition
instead. The wall shear stress at the beginning of transition can
be quite small and cause the oil-paint film to thicken. Through
the transition region, the wall shear stress increases to the point
where the turbulent shear stress removes the oil-paint film
much quicker. Therefore, the oil-paint accumulation can indi-
cate natural or bypass transition, although a stronger depen-
dency on oil-paint thickness and run time, combined with the
fact that the wall shear stress always remains finite, make tran-
sition (especially the end of transition) more difficult to resolve
than separation using the oil-paint method.

To apply this type of surface flow visualization technique to
rotating blades, one must be assured that the centrifugal force
does not affect the oil-paint in a different manner than it affects
the actual fluid. Arakawa and Tagori4 investigated this concern
with some fundamental experiments using a rotating disk and
a more practical experiment using an axial-flow pump. Using
water as the working fluid, they performed surface flow vi-
sualization with oil films of different specific gravities and
compared the results with three-dimensional boundary-layer
calculations. As might be expected, the reduction of the spe-
cific gravity of the oil film towards that of water gave mea-
sured skin-friction lines closer to the calculated skin-friction
lines. The reduction in rotor speed fl and the increase in Reyn-
olds number r2£llv also gave better comparisons. For this in-
vestigation, we combined gear oil with paint, which itself is a
combination of linseed oil and pigment. Both the gear oil and
linseed oil have a specific gravity near 0.94 (compared to 1.0
for water). The addition of pigment will add color and should
increase both the specific gravity and kinematic viscosity. The
increased specific gravity should give a specific gravity of the
oil-paint close to that of water, making the added effect of
centrifugal force almost negligible. Therefore, this surface flow
visualization technique becomes applicable to blades rotating
through water, and it is not applicable for blades rotating
through air. The very high kinematic viscosity of the oil-paint
increases the time to establish a persistent pattern, but allows
photographs to be taken later without the effect of gravity dam-
aging the pattern.

Interpretation of surface flow visualization patterns can be
quite subjective, with a strong dependence on the quality of
the patterns. Also, surface flow visualization methods have es-
sentially zero-time response and give no information on the
flow unsteadiness. However, Tobak and Peake2'3 and Delery5
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have shown that the application of topological rules to these
patterns creates a rational way of understanding time-average,
two- and three-dimensional, viscous flows. Their views are
based on the work of Lighthill6 and Legendre7 that view sur-
face flow visualization patterns as skin-friction lines rather
than limiting streamlines. Skin-friction lines (and the associ-
ated orthogonal surface vortex lines) behave as continuous
vector fields that are characterized by critical or singular
points, points where the shear stress is zero.

Only two types of singular points exist: 1) nodal points and
2) saddle points. A nodal point is common to an infinite num-
ber of skin-friction lines that either leave the node, as in a
nodal point of separation, or enter a node, as in a nodal point
of attachment. If the node has no common tangent line and
the skin-friction lines either leave or enter the node in a spiral
motion, the node is called a spiral node or focus. Skin-friction
lines originate typically at nodal points of attachment and can
disappear into nodal points of separation. Since skin-friction
lines springing from adjacent nodal points of attachment will
tend to run into each other, there must exist between them a
saddle point, emanating from which a single skin-friction line
will act as a barrier between the skin-friction lines from the
adjacent nodal points and prevent crossing. Only two skin-
friction lines, or critical lines (separators), pass through a sad-
dle point. If the adjacent skin-friction lines tend to converge
asymptotically onto one of these critical lines, we refer to it
as a line of separation (a line near which adjacent limiting
streamlines will tend to leave the surface). In regions of larger
adverse pressure gradients, the adjacent skin-friction lines will
converge faster and the adjacent limiting streamlines will take-
off more rapidly. Skin-friction lines diverge asymptotically
from the other critical line, which is called a line of attachment,
and this pattern will be accentuated in regions of larger favor-
able pressure gradients. The resulting patterns can provide a
three-dimensional skeleton structure of the viscous flow. On
an isolated three-dimensional surface, Lighthill6 determined
that the number of nodal points must exceed the number of
saddle points by two. Actually, Perry and Fairlie8 and Hunt et
al.9 showed that singular points also exist within the external
flowfield and additional topological rules apply when consid-
ering these external singular points in addition to the surface
singular points. Some internal flows also have different topo-
logical rules.

Finally, patterns obtained from the surface flow visualization
provide excellent results to compare with numerical predic-
tions. Typically, one uses predicted particle path lines either
one or two grid points off the surface to approximate limiting
streamlines. More interesting comparisons with experimental
patterns would use predicted skin-friction lines, as well as
these predicted path lines. These comparisons would help an-
swer the questions of how well the predicted path lines and
skin-friction lines compare in the vicinity of separation. Also,
better comparisons with the experimental patterns should result
in better numerical predictions of the three-dimensional struc-
tures within the flowfield. For this particular experiment, com-
parisons with the patterns from the surface flow visualization
should be followed by comparisons with some detailed flow
measurements reported by Zierke et al.10'11

Axial-Flow Pump Experiment
This axial-flow pump experiment was performed in the Gar-

field Thomas Water Tunnel at the Applied Research Labora-
tory at the Pennsylvania State University. The tunnel has a
1.22-m-diam, 4.27-m-long test section that supports water
velocities up to 18.29 m/s and static pressures ranging from
20 to 414 kPa. For this experiment, we used the high Reynolds
number pump (HIREP) facility, which consists of a 1.07-m-
diam pump stage driven by a 1.22-m-diam downstream tur-
bine. The hub has a constant diameter of 0.53 m. The two
units rotate together on a common shaft in the test section of

the water tunnel, such that the main drive impeller of the tun-
nel overcomes the energy losses within HIREP. The pump in-
cludes a row of 13 inlet guide vanes, a row of seven rotating
blades, and three downstream support struts. Farrell et al.12

give a more detailed explanation of the HIREP facility.
Zierke et al.10 give a detailed explanation of this experiment.

However, some geometric characteristics should be noted here.
Each inlet guide vane (IGV) and rotor blade trailing-edge ge-
ometry is essentially an asymmetric chisel, with the bevel of
the chisel lying on the suction side of the blade and the point
of the chisel being somewhat rounded off. All of the inlet
guide vanes and rotor blades include fillets where the blades
meet the endwalls. Also, each rotor tip section includes a
rounded pressure side corner, with a radius of curvature of
approximately 25% of the local blade thickness. Gearhart13

found that this rounded corner prevented local separation of
the flow through the tip clearance and, thus, improved the gap
cavitation performance. The rotor blades are designed with a
significant negative blade circumferential lean (such that the
suction surface points toward the hub surface), as shown in
Fig. 1. Table 1 summarizes the geometry and flow parameters
used during this HIREP experiment.

Surface flow visualization tests were run after initial tests
indicated the optimum oil-paint mixture and thickness as well
as the tunnel run time. After each test we photographed the

Table 1 Geometry and flow parameters for HIREP

Parameter
Blade number
Chord, c

Maximum blade thickness, t^lc

Solidity

Hub radius
Tip radius, nominal
Blade chord Reynolds number,

IGVs
13

0.18 m

11.6%

1.36, hub
0.68, tip
0.27 m
0.53 m

2.3 X 106

Rotor blades
7

0.29 m, hub
0.27 m, tip
17.8%, hub
10.0%, tip
1.19, hub
0.56, tip
0.27m
0.53 m

5.5 X 106

Rotor tip clearance, h/ctip
Diffusion factor

Reference velocity, VKf
Rotor rotational speed
Rotor tip velocity, £/tip
Flow coefficient, 4> = VKiIU*p
Axial component of freestream

turbulence intensity level

— 1.24%
— 0.28, hub

0.12, tip
10.7 m/s
260 rpm
14.5 m/s

0.74
0.107 ± 0.006%

Fig. 1 Computer-generated isometric view of the HIREP
blades.
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Fig. 2 Photograph of the surface flow visualization showing the
IGV suction surface trailing-edge corner separation near the hub
(fluid flows from right to left).

patterns from many different angles and physically measured
the distances from significant oil-paint regions (such as sin-
gular points) to known geometric references. A representative
photograph of the oil-paint near the IGV hub trailing edge is
shown in Fig. 2. Oil-paint visualization was completed on the
suction and pressure surfaces of both inlet guide vanes and
rotor blades, on the hub surfaces of both the inlet guide vanes
and rotor blades, on the inside surface of the IGV indexing
ring (which fits flush with the outer tunnel liner), and on the
tip section of the rotor blades. Other measurements by Zierke
et al.10 showed that the inlet guide vanes have a chord Reyn-
olds number of 2.3 X 106. Meanwhile, the chord Reynolds
numbers for the rotor blades range from 3.6 X 106 at 90%
span up to 3.9 X 106 at 10% span. More appropriately, using
relative velocities, the chord Reynolds numbers range from 5.5
X 106 at 90% span down to 4.1 X 106 at 10% span.

Results on the Inlet Guide Vanes
Before attempting to interpret the IGV surface flow visual-

ization patterns, we first analyzed hundreds of photographs
together with physical length measurements taken immediately
after each test. The resulting patterns have been drawn on var-
ious projected surfaces. Figure 3 shows the reconstruction of
the oil-paint pattern on the hub surface of the inlet guide vanes.
The dark gray surface with the bold black border represents a
footprint of the designed blade section at the hub, while the
light gray region surrounding this blade section represents the
extension of the fillet onto the hub surface. The inlet and exit
flow vectors in Fig. 3 are the design flow vectors at the hub
as determined from a streamline curvature solution.

The first region of interest in Fig. 3 is the region on the hub
surface near the blade leading edge. Just upstream of the point
where the leading-edge fillet merges into the hub surface, one
can identify a saddle point. Between the saddle point and the
blade leading edge, the skin-friction lines move upstream and,
despite the fact that the oil-paint photographs were not as dis-
tinct in this region, one must surmise that a nodal point of
attachment exists somewhere on the blade leading edge. The

critical skin-friction line that passes through the saddle point
and forms a C-pattern around the blade is a line of separation.
In general, as the fluid approaches the blade, the flow will slow
down and stagnate somewhere near the blade leading edge,
creating an adverse pressure gradient. Within the endwall
boundary layer on the hub, this adverse pressure gradient
causes the boundary layer to separate, with the point of zero
shear stress occurring at the saddle point. As the two legs of
the separation line bend around the blade, the vorticity in the
separated boundary layer rolls-up to form what is commonly
called a horseshoe vortex or necklace vortex. Alternatively,
one could represent the hub boundary layer as a vortex line in
the circumferential direction. This vortex line convects down-
stream around the blade leading edge, resulting in segments of
this vortex line on each side of the blade with vorticity in the
streamwise direction, or a horseshoe vortex.

Past investigations have shown that the formation of vortices
other than the primary horseshoe vortex can occur in the lead-
ing-edge region. However, we could not identify the additional
singular points required for the formation of these other vor-
tices. Also, other investigators have identified another C-
shaped skin-friction line between the leading edge and the sep-
aration line passing through the saddle point. This additional
skin-friction line is usually easier to identify than the separa-
tion line because of an accumulation of the substance used in
the surface flow visualization test. For flow around a circular
cylinder, Baker14 and Eckerle and Langston15 claim that this
line is a secondary line of separation (or a local separation
line) associated with the roll-up of the horseshoe vortex. For
flow in a wing-body junction, Devenport and Simpson16 claim
that this line is a line of low streamwise shear (not a line of
separation or reattachment) and that this line merges into the
separation line somewhere downstream. In our case, we could
not identify this second skin-friction line from an accumulation
of oil-paint. Again, remember that the oil-paint photographs
were not as distinct in this region. Perhaps this line coincides
very closely with the separation line passing through the saddle
point. Another point of interest is the effect of the fillet on the
formation of the horseshoe vortex. Devenport et al.17 per-
formed a study of this effect in the flow past a wing-body
junction. Essentially, the fillet simply increased the radius of
the leading edge and displaced the horseshoe vortex a little
further from the wing. They also measured a small increase in
the size and strength of the horseshoe vortex when a fillet was
present.

Most previous investigations of horseshoe vortices through
surface flow visualization and other experimental techniques
have focused either on nonlifting bodies, such as cylinders or
struts, or on turbine blades with a large amount of flow turning.

Spiral
Node

Point

Flow
•=>

Saddle
Point

Separation
Line

Fig. 3 Schematic of surface flow visualization on the IGV hub
surface. SS = suction surface and PS = pressure surface.
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However, a few investigators have shown surface flow visu-
alization patterns of the horseshoe vortex around compressor
blades, lifting bodies with only a small amount of flow turning.
Dong et al.18 showed a pattern on a rotor hub surface, while
Schulz and Gallus19 showed a pattern on a stator hub surface.
Both of these patterns were very similar to our surface flow
visualization pattern in Fig. 3. In all of these cases, the pressure
side leg of the horseshoe vortex separation line moved down-
stream into the midpassage region. For the case of a large
turning turbine blade, Sieverding20 shows that the pressure side
leg of the separation line moves far enough from the blade
that it actually interacts with the suction surface of the adjacent
blade, creating a corner vortex. Also in agreement with the
compressor blade patterns, Fig. 3 shows that the suction side
leg of the separation line moves up onto the suction surface.
This movement is the result of the flow overturning in the hub
end wall region.

As fluid passes through any turbomachine blade passage, the
turning flow creates a circumferential pressure gradient. Within
the endwall boundary layer, the momentum of the flow is re-
duced and the flow cannot follow the turning flow path as
imposed by the blade design. The circumferential pressure gra-
dient causes the flow to overturn, and this, subsequently,
causes the suction side leg of the horseshoe vortex separation
line to move up onto the suction surface. Figure 3 shows the
overturning of the flow exiting the inlet guide vanes by com-
paring the oil-paint pattern with the design flow angle. This
overturning flow also initiates the vortical motion that results
in the classical secondary flow called a passage vortex. Again,
representing the endwall boundary layer as a vortex line, the
turning of the vortex line through the blade passage yields a
component of vorticity in the streamwise direction, vorticity
that makes up the passage vortex. The vortical motion that
initiates the passage vortex rotates the flow in the same sense
as the pressure side leg of the horseshoe vortex. In their turbine
blade cascade, Sieverding and Van den Bosch21 used colored
smoke visualization to show that the pressure side leg of the
horseshoe vortex simply merges into the passage vortex. The
suction side leg of the horseshoe vortex rotates with the op-
posite sense and wraps around the passage vortex.

Figure 4 shows the reconstruction of the oil-paint pattern on
the suction surface of an inlet guide vane. For the most part,
the flow on the suction surface appears to be two dimensional.
The vertical dotted lines enclose a region where the oil-paint
accumulated, which would indicate either transition or a sep-
aration bubble. Since the IGV static-pressure distribution of
Zierke et al.10 shows no sign of an adverse streamwise pressure
gradient in this region, one would expect the oil-paint accu-
mulation to indicate natural transition. The oil-paint pattern
indicates that transition should begin near 18% chord and end
near 41% chord. To corroborate this observation, Zierke et al.10

calculated that transition should begin and end at 15 and 30%
chord, respectively. Recall that the oil-paint method should
give a better indication for the beginning of transition than for
the end of transition. In fact, the downstream end of this oil-
paint accumulation did vary with different run times used from
test-to-test.

Proceeding downstream near the hub, one notices flow mov-
ing from the hub endwall up onto the suction surface as a result
of the flow overturning. A saddle point occurs near 88% chord
and 6% span. The separation line passing through this saddle
point moves downstream, with one leg moving up the span
and the other leg moving back toward the hub. This latter leg
of the separation line probably moves back up the suction sur-
face and into the spiral node located near 97% chord and 3%
span. Another spiral node, near 95% chord and 8% span, also
exists within this three-dimensional corner separation. The
flow entering this second spiral node seems to have originated
in the pressure surface boundary layer, turned around the trail-
ing edge, and moved upstream on the suction surface. Schulz
and Gallus19 also found skin-friction lines moving around the

. Spiral
Node

Saddle Point

Fig. 4 Schematic of surface flow visualization on the IGV suction
surface.

trailing edge and upstream along the suction surface. However,
their corner separation, as well as the ones found by Dong et
al.18 and Joslyn and Dring,22 were much larger with more back-
flow and more radial outflow. These compressor studies were
made with higher-loaded blades that resulted in more over-
turning of the flow on the hub endwall and, hence, a larger
corner separation region. Also, the inlet guide vanes used in
this study are an accelerating blade row that would tend to
minimize separation.

The separation line passing through the saddle point on the
suction surface of Fig. 4 forms the three-dimensional corner
separation. This is also shown in Fig. 2. Beginning at the sad-
dle point and moving along the legs of the separation line, the
limiting streamlines will leave the surface and form a dividing
surface of separation. A concentrated vortex filament will ex-
tend into the external flowfield from each of the spiral nodes.
Then, the dividing surface of separation will roll-up around
each of these vortex filaments and convect downstream. There-
fore, the vortical cores about which these dividing surfaces coil
begin at spiral nodes. In this case, the three-dimensional corner
separation also contains a secondary separation. Near this cor-
ner on the hub surface, Fig. 3 shows the existence of another
saddle point just downstream of the trailing edge. One leg of
the separation line proceeds downstream and, beginning at the
saddle point, the limiting streamlines leave the hub surface
along this line to form a dividing surface of secondary sepa-
ration. Again, the vortical core about which this dividing sur-
face coils begins at the spiral node located in the trailing-edge
region of Fig. 3. Also, note that the skin-friction lines
converging asymptotically onto this secondary separation line
seem to be emanating from a nearby attachment line.

Further, radially outward on the IGV suction surface of Fig.
4 at about 19% span, one finds that the trailing-edge separation
pattern changes. Photographs of this region showed a signifi-
cant accumulation of oil-paint and, following Tobak and
Peake,2*3 we refer to this line as a line of local separation,
which in this case represents two-dimensional separation. This
two-dimensional separation occurs over the last 5% chord, a
separation forced by the chisel trailing edge. Boundary-layer
calculations also showed the likelihood of this trailing-edge
separation. Near the IGV tip, at about 96% span and 97%
chord, one finds another spiral node of separation. The sepa-
ration line entering this spiral node passes through a saddle
point near the IGV trailing edge on the casing endwall, as seen
in Fig. 5. Figure 5 shows that the other leg of the separation
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line passing through this trailing-edge saddle point proceeds
downstream and, beginning at the saddle point, the limiting
streamlines leave the casing surface along this line to form a
dividing surface of separation. The vortical core about which
this dividing surface coils begins at the spiral node located in
the trailing-edge region of Fig. 4. As was the case on the hub
endwall, the skin-friction lines converging asymptotically onto
this separation line on the casing endwall in Fig. 5 seem to be
emanating from a nearby attachment line.

The reconstruction of the oil-paint pattern on the casing end-
wall of Fig. 5 shows a topology for the formation of the horse-
shoe vortex that is nearly identical to the topology on the hub
endwall. Again, a saddle point exists just upstream of the lead-
ing edge and a nodal point of attachment probably exists on
the leading edge itself. The pressure side leg of the separation
line passing through this saddle point moves downstream into
the midpassage region, while the suction side leg moves down-
stream and then onto the suction surface because of the over-
turning of the flow in the casing boundary layer. Notice the
radial downward flow near the tip region of the IGV suction
surface in Fig. 4. The blade section at the IGV tip is designed
for less fluid turning than the root blade section. Therefore,
the skin-friction lines on the casing endwall show less over-
turning than the skin-friction lines on the hub endwall and the
resulting passage vorticity should not be as large. While the
suction side leg of the separation line never migrated beyond
the outer edge of the blade fillet on the hub endwall, the suc-
tion side leg moved well beyond the fillet on the casing end-
wall, before moving back onto the suction surface. A larger
endwall boundary layer and a smaller amount of overturning
within this boundary layer contribute to this difference in
topology.

Zierke et al.10 showed that the incoming endwall boundary
layer on the casing was much larger than the boundary layer
on the hub endwall. And yet, the skin-friction lines on both
endwalls show that the topology for the formation of the horse-
shoe vortex is nearly identical. Other investigators have also
shown that, qualitatively, the structure of this three-dimen-
sional separation does not change with incoming boundary-
layer thickness. For both laminar and turbulent boundary lay-
ers interacting with a circular cylinder, Baker14'23 showed that
the vertical dimensions of the resulting vortex system did not
change with incoming boundary-layer thickness, although the
separation lines moved slightly closer to the leading edge as
the boundary layer became thinner. With or without a fillet,
Devenport et al.17 also found that changes in the incoming
boundary-layer thickness did not qualitatively alter the struc-
ture of the horseshoe vortex, including the surface flow visu-
alization pattern. For flow through a turbine blade cascade,
Gregory-Smith et al.24 found no change in the position of the
downstream vortex loss core with incoming boundary-layer
thickness, although changes in thickness did have some effect
on the intensity of the vortex loss core. This vortex loss core
consists of the pressure side leg of the horseshoe vortex
merged into the passage vortex.

To conclude the analysis of the surface flow visualization
on the inlet guide vanes, Fig. 6 shows a reconstruction of the
oil-paint pattern on the pressure surface. As with the com-
pressor blade experiments of Dong et al.,18 Schulz and Gal-
lus,19 and Joslyn and Dring,22 the flow over the pressure surface
appears very two dimensional. Similar to the suction surface,
the vertical dotted lines on the pressure surface enclose a re-
gion where the oil-paint accumulated. With no adverse stream-
wise pressure gradient shown by Zierke et al.,10 this oil-paint
accumulation indicates natural transition. This oil-paint accu-
mulation extended from 15 to 25% chord as shown in Fig. 7,
matching fairly well with the calculated transition region rang-
ing from 15 to 30% chord. Also shown in Fig. 6 are two dotted
skin-friction lines that begin just downstream of the leading
edge and move downstream in a triangular configuration. We
noticed this type of pattern at various times and places on both

Saddle
Point

Fig. 5 Schematic of surface flow visualization on the IGV casing
surface. SS = suction surface and SP = pressure surface.

Flow
.-=>

Wedges of /
Turbulent Flow

Transition
Region

Fig. 6 Schematic of surface flow visualization on the IGV pres-
sure surface.

the pressure and suction surfaces. Within a laminar flow re-
gion, Stanbrook25 classified these patterns as wedges of tur-
bulent flow from isolated excrescences. In our case, local
lumps within the oil-paint or, more likely, surface irregulari-
ties, probably caused a local separation and immediate tran-
sition of the shear layer from laminar to turbulent. Notice how
this wedge begins in the laminar flow region, upstream of the
oil-paint accumulation that indicates natural transition.

On the pressure surface and near the trailing edge, Fig. 6
shows some radial movement of the skin-friction lines. The
IGV design parameters show that the lift coefficient and cir-
culation reach maximum values at 42% span and decrease to-
ward both endwalls, decreasing the area within the blade sec-
tion pressure distributions. Depending on the blade loading
distribution, a decreasing lift corresponds to a decreasing pres-
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Fig. 7 Photograph of the surface flow visualization showing the
IGV pressure surface (fluid flows from left to right).

42% Span
(Maximum Lift)

Passage Vortex

Fig. 8 Illustration of IGV secondary flow: passage vortices and
trailing vortex sheets. SS = suction surface and PS = pressure
surface.

sure on the pressure surface, an increasing pressure on the
suction surface, or both. Therefore, the resulting radial pres-
sure gradient can cause the flow to move radially away from
the point of maximum lift on the pressure surface and/or move
radially toward the point of maximum lift on the suction sur-
face. The pressure coefficient contour plots of Zierke et al.10

showed that the changing circulation results in a radial pres-
sure gradient on the pressure surface, but not on the suction
surface. As the boundary layers on the pressure and suction
surfaces merge to form a wake, the spanwise vorticity from
the pressure surface boundary layers opposes the spanwise
vorticity from the suction surface boundary layers, and the
resulting spanwise vorticity in the wake will eventually decay
from viscous diffusion. The radial motion of the flow on the
pressure surface turns a portion of the spanwise vorticity into
the streamwise direction and this streamwise vorticity is shed
into the wake as trailing vorticity, vorticity that will decay

much slower than the spanwise vorticity in the wake. Near the
hub, the resulting streamwise vorticity will be directed up-
stream, while near the casing, the resulting streamwise vortic-
ity will be directed downstream. Close to the endwalls, three-
dimensional effects lead to some radial flow on the suction
surface that will also create streamwise vorticity.

The development of trailing vorticity from a spanwise
change in circulation has been known for a long time, with a
basis in three-dimensional wing theory. In turbomachinery
blades, however, Smith26 concluded that the turning of the cir-
cumferential vorticity in the incoming endwall boundary layers
can also influence this trailing vortex sheet. Remember that the
turning of the vorticity in an endwall boundary layer also cre-
ates the passage vortex. The blade wakes will be located be-
tween passage vortices from adjacent blade passages and these
passage vortices can induce a motion within the wake opposite
to the rotation in the passage vortices. Likewise, the vortex
sheet created by a spanwise change in blade circulation can
induce a motion within the blade passages. Actually, the vortex
sheet and the passage vortices simply coexist. One is not ac-
tually the cause of the other. For a blade row such as the
HIREP inlet guide vanes with a maximum circulation located
near midspan, the velocities in the wakes induced by the pas-
sage vortices will likely rotate in the same direction as the
trailing vortex sheet created by the spanwise gradient in cir-
culation. Figure 8 shows how the passage vortices and trailing
vortex sheets might appear downstream of the inlet guide
vanes.

Results on the Rotor Blades
As with the inlet guide vanes, photographs and physical

length measurements allowed us to reconstruct surface flow
visualization patterns of the rotor blades on various projected
surfaces. Figure 9 shows the reconstruction of the oil-paint
pattern on the hub surface of the rotor blades. Again, the dark
gray surface with the bold black border represents a footprint
of the designed blade section at the hub, while the light gray
region surrounding this blade section represents the extension
of the fillet onto the hub surface. Note that the circumferential
lean of the rotor blades changes how the fillet blends onto the
hub surface on the pressure and suction sides of the blade. The

Rotation

Fig. 9 Schematic of surface visualization on the rotor blade hub
surface. SS = suction surface and PS = pressure surface.
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relative flow vectors in Fig. 9 are the design flow vectors at
the hub as determined from a streamline curvature solution.

The skin-friction lines of Fig. 9 show the same topology for
the formation of the horseshoe vortex as shown on both HIREP
IGV endwalls, the rotor hub surface of Dong et al.,18 and the
stator hub surface of Schulz and Gallus.19 The saddle point
was located on the outer edge of the leading-edge fillet and a
line of separation passed through this saddle point, forming a
C pattern. Again, we were unable to find any other critical
points, critical lines, or lines of oil-paint accumulation; how-
ever, a nodal point of attachment must exist somewhere on the
leading edge. The boundary layer separates along the separa-
tion line and rolls-up to form the horseshoe vortex. The pres-
sure side leg of the horseshoe vortex convects into the mid-
passage region and eventually merges with the passage vortex,
while the suction side leg moves up along the suction surface
and eventually wraps around the passage vortex. Even for
these moderately-loaded blades, a circumferential pressure gra-
dient exists and causes the suction side leg of the separation
line to move up onto the suction surface. However, comparing
the exiting skin-friction lines with the design flow vector in
Fig. 9 indicates that this circumferential pressure gradient pro-
duces very little overturning of the flow very close to the hub
endwall. One reason for this small amount of overturning
could be the blockage from what appears to be a substantial
corner separation where the suction surface trailing edge meets
the hub, as shown in the reconstruction of the oil-paint pattern
on the suction surface in Fig. 10. Schulz and Gallus19 found
that very large corner separation regions will create a blockage
that will even cause the pressure side separation line of the
horseshoe vortex to be swept back towards the pressure
surface.

Actually, these rotor blades were redesigned from a set of
rotor blades tested by Farrell27 to reduce the corner separation.
Although the comparison of our results in Fig. 10 with those
of Farrell shows some success in reducing this corner sepa-
ration, the region of flow separation is still significant. This
result might appear even more surprising if one notes that the
diffusion factor (originally developed by Lieblein et al.28) at
the root blade section was 0.28, well below the limiting value
between 0.5-0.6 that indicates the risk of separation. How-
ever, according to Walker,29 negative blade lean can increase
the diffusion near the hub. For their compressor stator blades,
Schulz and Gallus19 also calculated diffusion factors and they
showed that for small angles of attack, the corner separation
region formed with a diffusion factor less than 0.4. The em-
pirically based diffusion factor comes from two-dimensional
cascade data and does not seem to correlate with three-dimen-
sional separation. The two-dimensional boundary-layer calcu-
lations of Zierke et al.10 also failed to indicate any separation
other than very close to the trailing edge.

The topology of this three-dimensional corner separation re-
gion includes a saddle point on the hub surface of Fig. 9, just
downstream of the suction side of the trailing edge. One leg
of the separation line passing through this saddle point enters
a spiral node of separation near 91% chord and 6% span on
the suction surface, as seen in both Figs. 10 and 11. Figure 9
shows that the other leg of the separation line proceeds down-
stream and, beginning at the saddle point, the limiting stream-
lines leave the hub surface along this line to form a dividing
surface of separation. The vortical core about which this di-
viding surface coils begins at the spiral node. Similar separa-
tion lines proceeded downstream of the trailing edge on both
IGV endwall surfaces and the corresponding spiral nodes of
separation seem to indicate that the dividing surfaces of sep-
aration would coil towards the suction surface (the same sense
as the suction side legs of the horseshoe vortices). For the case
on the rotor hub surface, the spiral node indicates that the
dividing surface of separation would coil towards the pressure
surface. This difference is caused by the hub rotating under
this separation surface.

Spiral
Node

Fig. 10 Schematic of surface flow visualization on the rotor blade
suction surface.

Fig. 11 Photograph of the surface flow visualization showing the
rotor blade suction surface trailing-edge corner separation near
the hub (fluid flow from left to right).

Figure 10 shows that a line of local separation exists on the
suction surface, moving from 70% chord near the hub to 96%
chord near the tip. The downstream zone of separation varies
from the three-dimensional corner separation near the hub, in-
cluding the spiral node of separation, to a more two-dimen-
sional type of separation over most of the span. Just upstream
of this local separation line, the skin-friction lines begin to
migrate radially outward. Also, skin-friction lines emanating
from the pressure surface have moved around the trailing edge
within the separation zone, similar to the skin-friction lines on
the stator blades of Schulz and Gallus,19 and also migrate ra-
dially outward. Within the boundary layer, the centripetal ac-
celeration causes the fluid to move radially outward (as ex-
plained, e.g., by Zierke et al.10).

Because of the radially outward flow near the trailing edge,
the surface of separation that lifts off the blade at the local
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Fig. 12 Schematic of surface flow visualization on the rotor blade
pressure surface.

Absolute
Flow

Relative
Flow

Fig. 13 Schematic of surface flow visualization on the rotor tip
section. SS = suction surface and PS = pressure surface.

separation line rolls-up into a spanwise vortex. Near the cas-
ing, this vortex moves into the circumferential direction, away
from the suction surface as the blade rotates in the other di-
rection. FarrelP also used oil-paint surface flow visualization
and found similar patterns on the suction surface of his rotor
blades. In addition, he was able to visualize this vortex as it
moved away from the suction surface in the circumferential
direction by lowering the tunnel pressure until the vortex be-
gan to cavitate. Unfortunately, we were unable to obtain a low
enough tunnel pressure for our vortex to cavitate. Evidently,
the higher-loaded rotor blades used by Farrell27 created a
stronger vortex from the trailing-edge separation and the lower
pressure within this vortex core led to cavitation at a higher
tunnel pressure.

Figure 12 shows the reconstruction of the oil-paint pattern
on the pressure surface of a rotor blade. The flow over the
pressure surface appears very two dimensional. Neither the
pressure nor suction surfaces on the rotor blade showed any
signs of oil-paint accumulation that would indicate the pres-
ence of transition, even though boundary-layer calculations in-
dicated that a transition region exists between 10-20% chord.
One possible explanation for the failure of the oil-paint to ac-
cumulate might be the presence of wake-induced transition
from the periodic passing of IGV wakes. Thus, the time-av-
erage wall shear stress becomes larger near the region where
natural transition would normally occur, preventing an accu-
mulation of the oil-paint. Also, remember that oil-paint pat-
terns indicating natural transition depend more on oil-paint
thickness and run time than do patterns indicating separation.

Near the trailing edge of the pressure surface, Fig. 12 in-
dicates that the rotor blades exhibit more two dimensionality
than the skin-friction lines for the inlet guide vanes shown in

Fig. 6. Even though the rotor blade design parameters show
that the lift coefficient and circulation reach maximum values
at 22% span and decrease toward both endwalls, we could not
clearly detect the existence of any radial motion of the skin-
friction lines near the trailing edge. This does not mean that
the changing spanwise circulation does not lead to a trailing
vortex sheet, it simply means that we could not detect any
radial motion from the photographs we had of this significantly
leaned rotor blade.

One very significant pattern does show up on the pressure
surface oil-paint pattern of Fig. 12: a radial outward flow exists
over the top 8% of the span. A clearance exists between the
rotor tip and the casing so the rotating blade avoids rubbing
the casing endwall. Because of this clearance, the high-pres-
sure fluid in the pressure surface boundary layer moves
through the clearance towards the low-pressure region near the
suction surface. Figure 13 shows the skin-friction lines asso-
ciated with the relative leakage flow across the rotor blade tip
section. Notice how these skin-friction lines on the rotor blade
tip section are not parallel. Near the leading edge, the skin-
friction line was tilted 1 deg from the circumferential direction,
while near the trailing edge, the skin-friction line was tilted 16
deg from the circumferential direction. Also, recall that the
pressure side corner of the rotor blade tip section was rounded
to prevent local separation of the leakage flow; therefore, the
oil-paint pattern shows no sign of separation. As the leakage
flow moves through the clearance, it interacts with the through-
flow across the suction surface. The interaction of these two
flows causes the sheet of vorticity passing through the clear-
ance from the pressure surface boundary layer to roll-up into
a tip leakage vortex.

Summary
The analysis of the surface flow visualization on the inlet

guide vanes can be summarized in Fig. 14. Note that we have
performed the analysis using time-average patterns of flow
separation, even though most regions of flow separation are
unsteady. Figure 14 shows our interpretation of the three-
dimensional skeleton structure of the secondary flow through
the inlet guide vanes. The flow overturning on both endwalls
moves the suction side leg of the horseshoe vortex back to-
wards the suction surface and causes the vortex to lift off the
surface. The pressure side leg of the horseshoe vortex moves
into the midpassage region and eventually becomes part of

3D SS Casini
Separation

Fig. 14 Illustration of IGV secondary flow: interpretation of sur-
face flow visualization. SS = suction surface and PS = pressure
surface.
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Trailing Vortex Sheet

Fig. 15 Illustration of rotor blade secondary flow: passage vor-
tices and trailing vortex sheets. SS = suction surface and PS =
pressure surface.

SS Trailing Edge
Separation Vortex

Fig. 16 Illustration of rotor blade secondary flow: interpretation
of surface flow visualization.

the passage vortex illustrated in Fig. 8. Figure 14 also shows
a fairly complex three-dimensional corner separation in the
junction of the suction surface and the hub endwall, including
a secondary separation. In the corner of the suction surface
and the casing endwall, Fig. 14 shows a smaller and less
complex three-dimensional separation. Finally, a two-dimen-
sional separation occurs at the trailing edge of the suction
surface.

The secondary flow downstream of the rotor blades can be
summarized in Figs. 15 and 16. Figure 15 illustrates the ex-
istence of passage vortices and trailing vortex sheets, whereas
Fig. 16 summarizes the analysis of the surface flow visuali-
zation on the rotor blades. Again, note that we have performed
the analysis using time-average patterns of flow separation,
even though most regions of flow separation are unsteady.
Also, note that the secondary flows, including the skewed end-
wall boundary layers, developed upstream of the rotor blades
can affect the incidence angle and the subsequent development
of the secondary flows downstream of the rotor blades. Hor-
lock30 found that the effect of the secondary flow downstream
of one blade row on flow turning can be the opposite of the
expected effect because of the secondary flow upstream of the

blade row. Within any multiple-blade-row turbomachine, one
must account for the effects of secondary flow on all down-
stream blades.

Figure 16 shows our interpretation of the three-dimensional
skeleton structure of the secondary flow through the rotor
blades. The flow overturning on the hub endwall moves the
suction side leg of the horseshoe vortex back towards the suc-
tion surface and causes the vortex to lift off the surface. The
pressure side leg of the horseshoe vortex moves into the mid-
passage region and eventually becomes part of the passage
vortex. Figure 16 also shows a three-dimensional corner sep-
aration in the junction where the suction surface meets the hub
endwall, with a vortex filament leaving the blade surface. This
three-dimensional corner separation region might be even
larger if not for the presence of the periodic passing of tur-
bulent IGV wakes over the rotor blade surfaces. Schulz et al.31

found this to be true for their stator blade corner separation,
with and without an upstream rotor blade row. Radial outward
flow from centrifugal effects cause the otherwise two-dimen-
sional separation to roll-up into a vortex, migrate up the trail-
ing edge, and finally, move circumferentially away from the
suction surface as the blade rotates. Photographs by Farrell27

show that the trailing-edge separation vortex lies closer to the
casing than the tip leakage vortex. These photographs also
showed that these two vortices, rotating with the same sense,
will eventually roll-up into a single vortex as they propagate
downstream. The tip leakage vortex is also shown schemati-
cally in Fig. 16 and this vortex proved to be the dominant flow
structure within the pump.

Conclusions
Surface flow visualization with an axial-flow pump has been

used to show the topology for the formation of secondary vor-
tical flow structures. These results led to a fairly detailed de-
scription of this complex flowfield and helped identify loca-
tions where quantitative data were measured. Comparison of
these experimental time-average skin-friction lines with those
obtained from numerical predictions will give an indication of
whether a code can correctly predict the three-dimensional,
viscous flow within an axial-flow pump. Finally, visualization
of separation regions gives a designer knowledge of where to
expect regions of total-pressure loss, flow deviations, cavita-
tion, and broadband noise, knowledge that will help to direct
a new design.
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