
the flow reorganizes into a relatively uniform condition at the 
discharge (owing to the energy shift), the separation appears to 
have no deleterious effect on performance and may even bene-
ficially reduce frictional losses as in a Ringleb diffuser. 

If the separation occurs at the diffuser discharge, however, the 
distortion in the flow increases the kinetic energy at the tip, re-
ducing the diffusion taking place and the performance is poor. 

In tests with the low-speed machine, then, the flow enters the 
diffuser with a large separation at both high and low flow rates 
(separation on the hub side of the passage at low flow rates; 
separation on the shroud side at high flow rates) as seen in Fig. 11. 
In both these cases, however, an energ3' gradient is established 
which induces a vorticity which cancels the separation and pro-
duces a relatively uniform flow at the diffuser tip with a con-
comitantly high diffuser efficiency. 

In the case of median flows (slightly below design), however, the 
impeller provides an entering Vm profile that is nearly flat. The 
unequal work in this case generates a vorticity which produces a 
separation on the hub side of the passage at the discharge of the 
diffuser which totally destroys the diffuser performance. 

A diffuser efficiency has been calculated and plotted in Fig. 17. 
The detrimental effect of the separation at the tip of the diffuser 
is dramatically demonstrated by the chasm-like dip in this 
curve. 

Owing to the separation it is difficult to properly evaluate dif-
fuser efficiencies and the curve in Fig. 17 must be looked upon 
as only qualitatively correct. A more quantitatively correct but 
less dramatic evidence of the varying diffuser performance is 
given in Fig. 18, which is a plot of the work coefficient based on 
the pressure rise across the compressor which is easity and ac-
curately measured. The influence of the dip in diffuser per-
formance is apparent. 

The dip in the pressure rise is very significant in that the nega-
tive slope of the characteristic curve is an indication of potential 
instability. While this test setup was fortunately very stable 
down almost to shut off, other experience has demonstrated that 
such a characteristic often exists and is the source of a double 
surge line. 

Summary of Results and Conclusions 
1 It is believed that a basic phenomenon has been observed 

and analyzed which is common to turbo devices, although the 
magnitude varies and may be of a substantially smaller influence 
in more conventional compressor configurations where com-
pressibility effects require a much narrower diffuser spacing. 

2 The effects noted will be moderated b y reducing the hub-
shroud spacing and increasing the meridional component of 
velocity. Increased wall shear will increase the mixing and re-
duce the vorticity generating energy gradients. Of course, as 
spacing is narrowed, friction losses increase indicating an opti-
mum spacing exists at each radius. 

3 It has been shown that vaneless diffusers can have nonlinear 
characteristics which significantly influence the overall per-
formance and range of a compressor. 

4 The varying flow angles produced by the changes in induced 
vorticity with flow rate increase the sensitivity of stationary 

F L O W R A T E 

Fig. 18 

components to changes in flow rate and shorten range. Devices 
and methods for stabilizing this influence might allow greater 
range to be achieved with the more efficient vaned diffuser. 

5 It is hoped that the demonstrated technique for solving 
two-dimensional, rotational-flow problems may be a tool for 
further analysis of three-dimensional boundary-layer problems. 
Also, finding a physical example in which the rotational effects 
are apparently separated from the viscous effects may be helpful. 

5 The author is especially curious about the observed shifts in 
the energy distribution which are seemingly associated with 
separation. It is believed that if the mechanism for this phe-
nomenon can be determined a substantial step will have been 
taken in the further understanding of viscous, rotational motion. 
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D I S C U S S I O N 
J. L. Dussourd2 

This writer experienced considerable difficulty in following the 
author's logic and accompanying mathematical development. 
When using a system of coordinates and notation such as this, it 
is essential that a good definition of all terms used be included, 
either pictorially or symbolically. Without such a definition, the 
reader is never sure whether the stumbling blocks he encounters 

2 Senior Engineering Specialist, AiResearch Mfg. Co. of Arizona, 
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are due to errors, misprints, or the result of his lack of apprecia-
tion for the definition of the variables. For example, equations 
(17) and (26) or (26a) appear dimensionally inconsistent, al-
though evidently they are not in view of equations (37) to (38) . 

Assumption is made in the paper that streamlines lie on surfaces 
normal to the compressor axis. This assumption is quite ex-
treme in itself considering the conical geometry of the impeller 
(Figs. 2 and 3 ) and considering that this percludes any axial read-
justment in static pressure. If, however, this flow model is to l>e 
used, why then are equations (24) and (25) not equal to zero? 
The author, furthermore, postulates the absence of H function 
variation in the tangential direction. This is seldom the case as 
has repeatedly been demonstrated by measurements at N A C A 
and elsewhere. Could this assumption be a carryover of the 
classical approach in turbomachinery analysis in which axisym-
metric flow is assumed and herein applied to the flow in an in-
dividual channel. Note that the development of tangential 
gradients in total pressure has a first-order effect on the genera-
tion of the tangential relative velocity components, the mechanism 
of which the author seeks to explain. The author stated that 
total pressure data were also obtained near the blades. I t would 
be of extreme interest to present these data in support of the 
author's assumption. 

The author correctly points out some of the limitations of the 
cylindrical yaw probe which is the primary instrument used for 
securing the supporting data. The extreme angular sensitivity of 
this probe makes it a dangerous instrument when submerged in a 
flow having velocity components in all three directions and where 
presumably large unsteady effects exist due to separated areas 
associated with the large recorded gradients in total relative 
pressure. Nothing is known about the probe calibration under 
these conditions and its indication must be regarded as grossly 
qualitative only. 

Equation (39) is the integrated form of (26a) after the following 
additional assumptions have been m a d e : l dH/dz and are in-
dependent of the radius; and 2 the local relative velocity varies in 
a prescribed manner. These assumptions coupled with the earlier 
one involving stream surfaces normal to the axis so completely 
restrict the flow behavior that we are forced to conclude that the 
seeming agreement between predicted and measured must be en-
tirely fortuitous. Has the author attempted to apply his proce-
dure to flow rates other than SO percent of the design? 

In treatment of the diffuser flow, the author drops the assump-
tion of streamlines on surfaces normal to the centerline and indeed 
calculates the shape of these surfaces. Instead, however, he as-
sumes a zero vorticity component parallel to the axis. Equa-
tion (41) used for that purpose, however, was derived for stream 
surfaces normal to the axis and can be valid for that condition 
only. Furthermore, with all these restrictions, the flow is com-
pletely defined and no flow readjustment can possibly take place. 
I t is indeed remarkable under these conditions that the author 
succeeds in making predictions of separation and total pressure 
redistribution that so closely fit the data. Some of the foregoing 
restrictions had to be relaxed for a solution to be possible. Could 
this be explained in further detail? 

Additional considerable uncertainty exists throughout the paper 
regarding, for example: 1 Should Fig. 16(a) and 16(6) not be 
reversed? 2 What is the direction of rotation in Fig. 9? 3 D o 
the noted diffuser separations extend through the entire 360 deg 
or are they local phenomena? 4 In Figs. 13 and 14, is \p = 0 at 
.2 = 0 (on hub side)? 

The writer realizes that the objections he has raised only serve 
to make the solution of a difficult problem even more difficult. 
This is not the intent and the author must be congratulated for 
his courage in tackling an enormously difficult job. It appears 
that the subject configuration is especially difficult in view of the 
apparently erratic flows. It might be guessed that the per-
formance of this machine will be poor. Perhaps components of 
known high efficiency would lend themselves better to investiga-
tion. 

S. Eskinazi 3 

A t this Annual Meeting I had the pleasure of commenting on 
a paper on swirling jets, a work which demonstrated the refine-
ments one can achieve in the measurements of three-dimensional 
turbulent flows. Together with Mr. Ellis' paper these two works 
should give confidence to experimental turbomachinists for prob-
ing deeper into the internal flow of impellers and d i f fuses . 

T h e time has passed when only the knowledge of the overall 
performance of a turbomachine is in itself a sufficient criterion to 
satisfy the turbomachinist. Turbomachinists should encourage, 
as it was done in this paper, probing inside the compressor in 
order to establish the dynamic and thermodynamic proccss of the 
flowing medium. 

The omission of viscous forces in the narrow passages and the 
assumption that the vorticity vector is always on a plane per-
pendicular to the axis of rotation yielded analytical results that 
are surprisingly in fair agreement with the measured results. 
The fair agreement of the results from such a simple mathematical 
model with those of the experiments puzzles the readers as well 
as the author. This indicates that the author and other experi-
menters should continue to investigate the effects of secondary 
motions in impellers and diffusers and their generation from 
gradients of mechanical energy. 

I would like to point out to the author a more reliable method 
for the measurements of relative velocities with the help of a 
three-hole cjdindrical probe. If one calibrates the difference of 
any two pressures with reference to the relative dynamic pres-
sure as a function of the angle 6 between the velocity vector and 
the symmetry axis of the three holes, we have 

V i ~ Pi 

Pi ~ P, 
= m 

and 

Pi ~ Pi 

Pi ~ P, 

Dividing the two expressions 

p . - p-2 _ m 
Pi - p3 F{6) 

= F(6) 

= G(0) 

(52) 

(53) 

(54) 

Equations (52) and (53) can be obtained from calibration and, 
consequently, equation (54) evaluated from the two calibration 
curves. In the experiments {pi — p i ) / { p i — p3) can be obtained 
and consequently 6 from the calibration of equation (54). K n o w -
ing 0 and pi — pi or py — p3 the dynamic pressure p, — ps can be 
found from the calibration of equation (52) cr equation (53). 

In closing, I wish to emphasize that it is not to the best interest 
of the turbomachinist to discourage the difficult experimental 
work Mr. Ellis has undertaken. W e all know that three-dimen-
sional flows are difficult to measure and difficult to analyze and 
this in itself is not a good reason to discourage any pioneering 
attempts. 

Joseph T. Hamrick1 

Mr. Ellis is to be commended for undertaking a study of so dif-
ficult a subject. It is the opinion of this discusser that his primary 
contribution lies with his analysis, which can provide stimulation 
as well as aid to subsequent experimenters. The author, while 
admitting the necessity for choosing a simplified mathematical 
model, by 110 means chose a simple test model. The impeller 
shown in Fig. 3 of his paper is one which does not lend itself to 
easy analysis or to easy experimental evaluation. The author does 
not indicate whether he attempted to determine effects of varia-

3 Professor, Department of Engineering, Syracuse University 
Syracuse, N. Y . 

4 President, Aerospace Research Corp., Roanoke, Va. Mem. 
ASME. 
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tions in angle of attack at the inlet; adverse velocity gradients 
due to blade loading or secondary flow effects due to boundary 
layer build up prior to entry into the impeller. It is doubtful that 
the results shown in Figs. 10 and 11 are adequately free of these 
and other factors to fully warrant the conclusions drawn concern-
ing them. It is believed that a far simpler experimental model, 
one more nearly approaching the mathematical model, will be re-
quired to provide the advancements in design capability that 
potentially may be achieved by fully exploiting the theoretical 
analysis techniques presented in this paper. 

Author's Closure 
The author wishes to thank the discussers for their interest in 

his paper. Their comments and criticisms indicate that careful 
consideration has been given to this work for which he is grateful. 
At the same time, however, one wonders if some of the comments 
may not reflect a misplaced emphasis. For this the author must 
bear partial responsibility, having, perhaps, overemphasized the 
analysis b y placing it first in the paper. 

The main objective in presenting this work was to call atten-
tion to certain phenomena observed in a rotating channel which 
from logical extension are expected to exert a significant influence 
on the overall performance of a compressor stage, particularly 
with regard to stability. As a contribution to the evaluation of 
this phenomenon, the analysis has been presented to show that 
under certain conditions, admittedly idealized but having some 
similarity to the experimental situation, gradients in mechanical 
energy induce a phenomenon quite similar in character and order 
of magnitude to the observed. 

There is, of course, no assurance that such energy gradients will, 
in general, give rise to this phenomenon if the idealized conditions 
are relaxed. But one can hardly deny that there is a distinct 
possibility if not a probability, that such is the case. 

Certainly the rigor of the mathematical model, or the lack of it, 
are important considerations and not to be minimized. Indeed 
considerable care was taken to point out the limitations of the 
model in the paper. But the author trusts that the reader will 
remain equally open minded to the potential for truth as to the 
potential for error and that undue concern for the uncertainties 
that are undoubtedly encountered in any attempt to explain the 
complex flow in centrifugal compressors will not discourage 
further effort that might be stimulated b y it. Dr. Eskinazi's re-
assuring endorsement of this point in his concluding remarks is 
most welcome. 

Although the notation is reasonably standard (see for example 
"Applications of Tensor Analysis," b y A. J. McConnel l ) , Dr. 
Dussourd's difficulties with it can be appreciated. Unfortu-
nately the association of the tensor notation with the more ab-
stract branches of physics dealing with such ponderous subjects as 
relativity and the differential geometry of hyperspaces has in-
hibited its acceptance as a tool for more elementary subjects an 
for many engineers the notation remains unfamiliar. Neverthe-
less, it has advantages of conciseness and simplicity which can 
be demonstrated by a comparison of the development of equation 
(26) with a similar development in reference [4]. If the com-
plexities of the three-dimensional flow in centrifugal compressors 
are to be examined in detail, it is quite likely that these ad-
vantages will be utilized with increasing frequency. 

Dr. Dussourd raises a very interesting question about the di-
mensional consistency of equations (17) and (26a). Since the 
geometries of a system are in general unspecified in the tensor 
equation, the engineer is deprived of that, very useful tool; i.e., 
the check on dimensional homogeneity. Once the coordinate 
system has been introduced into the equation, however, dimen-
sional consistency should exist as, fortunately, Dr. Dussourd 
found when going from equations (17) and (26a) to (37) and (38). 
Also, he will note that when the metrics of the coordinate system 
are introduced into equation (25) that it does indeed equal zero. 
(Note that integral sign in front of the constant term in equation 
(28a) is a typographical error and should be deleted.) 

Dr. Dussourd also calls attention to the fact that the axial shift 
of streamlines in the diffuser appears to be in disagreement with 
the assumption that streamlines lie on radial planes. For the 
record, it may be noted that this assumption was stated to hold 
when considering the equilibrium conditions within the immediate 
neighborhood of a point. Perhaps a clearer statement of what was 
assumed is the following, "displacements and accelerations nor-
mal to the radial plane are assumed to be negligibly small as re-
gards equilibrium considerations." This does not change the 
mathematical equations and operations. The situation is anal-
ogous to the assumption made in examining radial equilibrium 
of flow in axial compressors. Although radial displacements and 
accelerations (except centripetal acceleration) are neglected, the 
flow does in fact displace radially with changes in whirl distribu-
tion. 

Dr. Dussourd expresses concern over the reliability of the yaw 
probe measurements. While the cylindrical yaw probe was the 
primary instrument used in the examination of the secondary 
motion at the impeller tip, it was not the sole source of evidence. 
I t was obviously impractical to calibrate the instrumentation in 
situ but measurements were checked against continuity and 
moment of momentum. In fact, it was in checking the continuity 
conditions that the initial evidence of the secondary motion was 
obtained. 

Figs. 16(a) and 16(b) should indeed be reversed. In Fig. 9 the 
driving surface of the blade passage is located on the left and 
in Figs. 13 and 14 the separation occurs on the hub side of the 
passage if/ = 1.0). In the experimental setup, measurements of 
time averaged conditions were taken at three circumferential 
stations in the diffuser. The variations between stations were 
not large enough to significantly effect the stream line distribu-
tion shown in Fig. 14. 

One does not know how to answer Dr. Dussourd's rather arbi-
trary statements regarding the performance of the machine since 
he does not tell us upon what he bases his remarks. H e is re-
minded that because the flow is essentially incompressible, the 
tip area is much larger than in a conventional impeller with an 
equivalent diffusion rate. This may give an erroneous impression 
when compared with the impeller geometries to which he is ac-
customed. 

This impeller was one of a series which were tested to investi-
gate the influence of incremented changes in diffusion rate and 
blade loading and to establish conditions under which break-
downs in the flow occurs. In addition to direct measurements of 
losses in the total pressure, a loading parameter was devised 
which was found to be a very sensitive indicator of flow dis-
organization. This information shows that the flow in the sub-
ject impeller was quite well organized and free of separation ex-
cept as noted. 

Just what Dr. Dussourd meant to imply b y his statement con-
cerning erratic flows is also uncertain. If he assumes the flow to 
be time wise unsteady, his attention is called to the statement in 
the text that the flow in the test setup " . . . was fortunately 
very stable down to almost shut-off ." 

The author appreciates the credit Mr. Hamrick gives him for 
the difficulty of his undertaking. In his opinion, however, one of 
the most important results of the investigations at Carrier was 
the discovery that the flows in the models studies were a great 
deal more orderly than had been expected. In a series of six im-
pellers, astonishingly good reflections of design conditions were 
obtained and it was especially encouraging to find that incre-
mented changes in design could be detected in the experimental 
results. Also, flow "breakdown" in various regions of the im-
pellers was quite clearly delineated b y the measurements. 

This experience does not justify a naive conclusion that the 
path to a better and more fundamental knowledge of flow in im-
pellers has no obstacles. But neither, perhaps, is it as difficult as 
is sometimes imagined. 

Mr. Hamrick quite rightly notes that many factors must be ac-
counted for that were not included in the analysis. The analysis 
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was presented to suggest a potential source but not necessarily the 
sole source of important secondarj' motions in the impeller. In 
fact, the hub to shroud energy gradient is not even a prime source 
since it in turn is affected by leading edge angle of attack; most 
certainly by the shroud to hub variation of the inlet relative Mach 
number; upstream boundary layer; blade loading; etc. Equa-
tion (23) also clearly shows that without the limitations imposed 
on the analysis in the present study, the blade-to-blade variations 

in total pressure also contribute to the hub shroud gradient of 
mechanical energy. 

The method outlined by Dr Eskinazi certainlj' does provide a 
much more direct procedure for determining the relative flow 
angle and dynamic pressure. He is also quite right that the 
direct measurement of the small pressure differences is potentially 
more reliable. It does not seem, however, that the tedious trail-
and-error approach can be avoided in determining the total and 
static pressures. 
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