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By W. Byron Brown and Guy R. Bradshaw

SUMMARY

A family of diffusing scrolls was designed for use with a
mixed-flow impeller and & small-diameter vaneless diffuser. The
design theory, intended to maintain a uniform pressure around the
scroll inlet, permits determination of the position of scroll cross
sections of preassigned area by considering the radial variation
in fluid density and the effects of friction along the scroll.
Inasmuch as the design method leaves the cross-sectional shape unde-
termined, the effect of certain variations in scroll shape was
1nvestigated by studyling scrolls having angles of divergence (of
the scroll walls downstream of the entrance section) of 24 40
and 80°, A second 80° scroll was of asymmetrical construction,
and & third was plaster-cast instead of sand-cast. Each scroll
was tested as a compressor component at actual impeller tip speeds
of 700 to 1300 feet per second from full throttle to surge.

The changes in scroll geometry and in surface condition employed
in this study had only unimportant effects on compressor perform-
ance, although some evidence exists that the 24~ divergence angle is
too small for optimum performance at the highest tip speeds. With
this possible exception, the results indicate that the design method
is applicable over the range of scroll shapes investigated.

Comparison of over-all compressor performance, with the same
impeller and various diffuser-collector combinations, showed the
performance of a 20-inch vaneless diffuser and scroll to be approxi-
mately the same as that of a 34-inch vaneless diffuser and col-
lector ring and to have higher efficiency and pressure coefficient
than a 17-inch vaned diffuser and collector ring. Substitution of
the scroll for the collector ring, with the 20-inch vaneless 4if-
fuser, resulted in substantial increases in efficiency and pres-
sure coefficient and in ar extension of the opsrating range to
higher velues of loud coefficient.
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JNTRODUCTION

A survey of unpublished data on compressor performance with

. both vaned and vaneless diffusers using the same impeller suggests

the possibility of combining the desirable characteristics of the
two types of diffuser and thus increasing the adaptability and the
performence of centrifugel compressors. The vaneless diffuser has
the advantage of a relatively wide operating range at reasonably
high efficiencies because of freedom from blade stalling and absence
of shock waves from guide vanes. This advantage, however, is accom-~
panied by a serious penalty in gize, the vaneless diffuser being
congiderably larger than the vaned diffuser that gives equivalent
energy conversion,

Examination of unpublished available data on the relation
between vaneless-diffuser dlameter and compressor performance
indicated that the decrease in vaneless-diffuser efficiency with
reduction in size was approximately proportional to kinetic-
energy losses at the inlet to & conventional collector ring and that
the substitution of a diffusing scroll for the collector ring might
reduce these losses to the point where a small-dlameter vaneless
diffuser could be efficlently employed.

In order to investigate the possibilities of this combination,
a family of five scrolls was designed for use with a 20-Inch-diameter
vaneless diffuser. The design theory, suggested by William Bollay
in a unpublished report, determines the circumferential location
of a given cross-sectional area but does not fix the geometry of
the scroll. An experimental investigation wes therefore undertaken
to study the validity of the design theory, to examine the permis-
sible variations in certain form parameters, to study the effect of
these variations on compressor performance, and to determine the
effect of a diffusing scroll on vaneless-diffuser performance.

The method employed in designing the scrolls is described and
the experimental results obtained with the five different scrolls
are presented. Compressor-performance curves also compare the per-
formance of the same impeller used with (a) the manufacturer's
vaned diffuser, (b) a 20-inch vaneless diffuser, (c) a 34-inch-
diameter vaneless diffuser - each with the same collector ring, and
(d) the 20-inch vaneless diffuser with a diffusing scroll.

SYMBOLS
The following symbols are used in this report:

b width of scroll passage at any raduis normal to
center line of diffuser (fig. 1), inches
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specific heat at constant pressure, foot-pounds
per pound OF

impeller-outlet diameter, feet
coefficient used in scroll calculations

friction factor

acceleration of gravity, 32.174 feet per second
per second

abbreviations used for integrals in scroll cal-
culations

distance along center line of diffuser from scroll

inlet to center of circle bounding scroll
(fig. 1), inches

perimeter of scroll section, inches

moment of force (torque), pounds-inches
impeller speed, rps

total-pressure ratio, retio of total pressure at

compressor outlet to total pressure at compressor

inlet

static pressure, inches of mercury absolute

volume flow at inlet, cubic feet per second

volume flow computed from total pressure and tem-

perature at inlet, cubic feet per second

.pressure coefficient

radial distance from axis to any point in scroll,

inches

total temperature, °R

static temperature, °R
tip speed, feet per second
velocity of air, feet per second

radius ratio (r/ri)
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ratio of specific heats

angle between center line of diffuser and radial
direction, degrees

correction factor for nonradisl diffuser (i/cos ?)
adlisbatic efficiency

ratio of inlet temperature to standard sesa-level
temperature

azimuth angle around scroll periphery measured from
tongue, radians

weight density, pounds per cubic foot

friction index used in scroll calculations

sheer stress, pounds per square inch

cross sections of scroll, starting with O at
tongue (except on pressures)

scroll inlet

maximum radius (or radius ratio) for scroll
sectlion under consideration

radial
tangential

DESIGN THEORY OF DIFFUSING SCROLL

The basic design principle is that the static pressure be con-

stant around the

periphery at the scroll entrance, and that the width

of the scroll (b, fig. 1) be assumed a function of only radial
distance and independent of the azimuth angle ® (fig. 2).

The design theory consists essentially in determining the
cilrcumferential location of a succession of preselected cross-
gectional areas of the scroll. The location is fixed by determining
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the radial variation in the density of the air passing through the
scroll and the change in angular momentum due to friction between
the fluid and the well of the passage. In the determination of the
radial varistion in density, the change of state of the fluid is
assumed to be reversible and adlabatic. The analysis is thereby
simplified and, inasmuch as the radial-density ratio across any
one section of the scroll (isentropic compression being assumed)
was found to have & maximum value of about 1:1.1, the error intro-
duced by neglecting friction is negligibly small. The effects of
friction cannot, of course, be ignored in calculating the location
of the chosen cross sections from the equation of angular momentum.

Radial Variation in Density

By combining the lsentropic equation

eVt .l
pi 1

and the relation between total and static temperatures

+ =t +
i chp ‘Bgcp

the denselity ratio may be written In the form

L
| L
N R— (viz-vz) (1)
) gt

Equation (1) may be so modified as to give the density ratio in
terms of inlet conditions and geometrical constants of the scroll.
The continuity equation provides the relation

pbrquf = pibirid¢vr,i
p.b.r

111
VI' = Vr:i pbr

where r 18 the distance to the midpoint of b.
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If the effect on YV, of the density change is now assumed

negligible compared with the effect produced by changes in r
and b, the equation becomes

b.r

i"1
Vr = Vx;,i "'FI-‘—- (2)

When friction is neglected in the determination of the radial vari-
ation in density (isentropic state change), the principle of con-

vervation of angular momentum gives for the tangential component
of the velocity

Iy
Ve = Ve’i 3 (3)

Rewriting equation (1) in terms of radial and tangential velocity
components and substituting the values of Vf and VG from equa-

tions (2) and (3) yields

2
v, 2l- ) v 2 bry”
6,8 \'" 2 )T Te,1 0T 22
(4)

Equation (4) gives an expression for the density at any radius,
under the preceding assumptions, in terms of scroll-inlet con~
ditions and geometric constants of the scroll that are known as
goon asg the cross-sectional shape has been chosen.

7-1

£ = 1+
o

2gc t
i g P

i

Circumferential Location of Chosen Cross Sections of Scroll

For flow through the scroll, the equation of continulty gives

Tmax

bV r@-= bV edr 5)
piir,ii(p *>e ( _

Ty

In determining the, radial variation of the tangential component of
the velocity, the effect of friction is considered by making the
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assumption that

v r '
= 6 .1 _g4/x. ) (8)
g,1 ¥ Ty

The index G is closely proportional to the friction coefficient
over a short distance but changes slowly through the scroll. Its
value is fixed by the condition that the equations of continuity
and angular momentum be satisfied simultaneously. Inasmuch as the
actual design procedure is a step-by-step process, G 1is assumed
congtant only over a single segment of the scroll and may take a
new value for the next segment.

From equations (5) and (6)

v Tmax
r
¢=$£ &%Lﬂz%mzﬂ (7)
r,i Py Py %y T Ty

Ty

If equation (7) is rearranged, and r/x'i set equal to x

*max Xmax

v
'cp_.:__.z__ei e b oedx £ P (x-1) eax
Ve,1 p, b, X e, B
1 1 (8)
The abbreviations
Xmax
I, - S8t p b oedx
Xy p. b x
r,l i i
1
and Fmax (9)
Vo =
I = ,\—rgl-i L. .Eb— (x-1) edx
I r,i pi i
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give equation (8) the form

¢ = I, - 0L (10)

A second equation in ¢ and ¢ is required. This equation can
be obtained from a consideration of the loss in angular momentum due
to friction, expressed in terms of the torque on the segment between
ad jacent cross sections. Because of friction, the torque per unit

length

Inasmuch ag neither 4 mnor r changes greatly over a segment, mean
values may be used and

M=-Tr ai (11)

where the bar indicates the mean value found from the relation

max
rdl

T

r =

The applied torque due to surface friction over the segment between
gections 1 and 2 in the volute (half scroll) M, , can be written

as

2l

2 (q,z - q;]) (12)
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Because T = g-pvez, equation (12) may be written

P\ [+ 2= - 2 _
Me2=-% (rl + rz) (Ve,l P11l + Vg2 Pzrzzz) <¢2 - q’l)

, Obtalned from eguation (3) instead
2

of equation (6) may be inserted in this equation and result in con-
siderable simplification without introducing apprecisble error.
Making this substitution, using & mean value of density for the
segment p , and rearranging allow this equation to be put in the

The values for Vé’l and Vé

form

2 2
M2=-F opV,4 71 b1 (‘Pz “q’l) (13)

where

P 1, 1 ( )
f 1.2 1 1 2 -
F 2 e e | i P + X (14)
1-2 78 o, By <rl r2> 1+ T2

The outflow of angular momentum per second through the second
section is

Thmax

2
p2Vé,2 boroedr
Jr,

This expression is equal to the inflow from the first section,

Toax
2
p Vg, 1 by7 €dr
ry

plus the inflow across the periphery of the second segment,

2
PV V r -
piir,i 6,1 1@2 q’l)



10 : , NACA TN No. 1568

minus the torque loss in the second segment due to friction M1 23

that is,
Tmax Tmax
2
o .V b r €dr =
P2'g,2 272 PV 1 P1¥1¢%F
I’i ri
+{p, b,V .V r2 -7 Q (15)
1i"i'r,1 6,1 i 1-2 i 9 1 i i 27
When equation (15) is solved for P
v Tmax
1_2v}/z Vo,1Vr 1 g by Ty 6,2
ry
Thmax
! PLD1L T ear v 2
V9,1Vr,1 1 P37 0§ 7
x,
v .
9 i
-F V P+ (18)

If the value of Vg from equation (6) is substituted, if x = r/ri

is used, and if the quantities under the integral sign are rearranged,
the expression

max

f?.gir_v 2

0,2
1% T3 7Y

DI'D
g IV
UWNF

6,i r,1

Ty
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may be put in the form

Xmax " Xpax
v P, b, p
\72"1— _?__.Dl"*.fidx_gg 2 2 (x-1) (dx
r,i pi 1 X 2 pi bi
1 1
Xmax .
2 pz 2 2
g — -
+9, 5, b x(x-1) e¢dx
1

with a simlilar expression in pl and bl for the second integral.
Using equation (8) and the additional abbreviation

Imax
Vo,1

I = 2.1 £ B y(x-1)? eax (17)
z v p; b
r,i i1

allows the expression to be put into the form

+g 2I

I - 20ZIy,2 2 ~z,2

X,2

where the second subscript identifies the scroll segment under con-
sideration. Equation (16) then takes the form

v
8,1 - 2
<l w F]."'z v ¢z = Ix,z - ZGZIy’z + 02 IZ,Z - Ix,l + zolly 1

v
2 1-F_, o (18)
"Lt Re TR

3

For the first segment of the scroll, between the tongue and the
first cross section,
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from which it follows that

1 Y.Qz_i_ = 2 2 9
- FOwl v .1 :pl T X1 T olIy;l + 0 Iz:l (19)
r,

If equation (19) is substituted in equation (18)

L7 o8l o1 L -20T . +6.%1 . -[1-7 Y-uw
T2 7 P2 = 1x,2 2ty,2 Y92 “z,2 -1V /M
, : F)
Vo.1
- [l Bl - -
+(1-F 7 P =I5 - 2GL; 5
r,i
0.%1 (7, _-F ——2—-69 (20)
+ 9% 4z,2 - 1-2'01 1

In general, then, for the nth segment,

Yo\ I 201 +glt
(n-1)-n ¥V, 1 Pn  “x,n ay,n ~ %n

Vo,1
- <F(vn-l)-n - F(n-Z)—(n-l)>¢n-l v.

1-F Z,n

~-[F - F Y Y_Q;_i_ RERAR
< (n-2)~(n-1) _(n—S)-(n-2)> n-2 Vpg

Vo,1
21
(Fl-z 0-1)%1 v (21)
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DESIGN PROCEDURE FOR DIFFUSING SCROLLS

The area at the scroll outlet can be approximately calculated
from the continuity equation. Intermediate areas, between the
scroll outlet and the tongue, of any desired number and size can then
be arbitrarily chosen and the circumferential location determined.
Because the design theory requires specification of the cross-
sectional ares, but not the form, of the scroll, a rather wide range
of geometrical shapes was employed in the experimental investigation.
After a definite scroll shape had been chosen, the following design
procedure wag used:

1. The cross-sectional shape of the scroll was chosen.

2. From the geometry of the selected scroll shaps, the values
of b and x +that corresponded to the preselected cross-
gectional areas of the scroll were found.

3. The value of p/pi was calculated from the design con-

ditions at the diffuser exit by equation (4). (If desired, a
curve may be plotted giving p/p; @s & function of r/ri.)

4. The three integrals Ix, Iy, end I, were calculated from

equations (9) and (17) for each section. In order to simplify the
procedurs, curves were plotted for these Integrands and graphically
integrated (fig. 3).

5. From equation (14), the value of F(n-l)»n was calculated

for successive segments of the scroll, starting from the tongue.

6. Values of @ and ¢ were found for successive cross
gsections from equations (10) and (21) by using the appropriate
value for n (n =1, 2, 3, ...) for each station. Curves were
then drawn giving the relation hetween the dimensions of each
section and the angle ¢ (fig. 4). (The value for f = 0.008
shown in fig. 4 was taken from appropriate pipe-flow data. )

APPARATUS AND EXPERIMENTAL PROCEDURE

Impeller and diffusers. - The blades of the mixed-flow impeller
used in this investigation have a gradual curvature throughout their
entire length instead of the more conventional, sharply curved
inducer section at the inlet. The impeller is semishrouded and has
e maximum diameter of 11.24 inches; the air leaves 1t at an angle
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of 30° with a plane normal to the impeller axis. Because of space

restrictions, this angle was gradually changed to 25° in the 4if-
fuser,

The diffusers, having diameters of 34 and 20 inches, are vane-
less and the same except for size, the 20-inch being formed simply
by cutting down the 34-inch diffuser to the desired diameter. They
have a design rate of area expansion equal to that of a 6° cone and
wore designed by methods described in reference 1.

Diffusing scrolls. - Double scrolls were used in this study,
each subtending an angle of 180° (fig. 2). By means of circular
arcs, the throat of the scroll is faired into a trapezoidal cross
gection (as seen in a plane through the impeller axis), which in
all cases but one is symmetrical about the center line of the dif-
fuser. This trapezoidal cross section is closed at the outer end
by another circular arc. The angle between the dlverging walls is
used to identify the scrolls. Angles of 800, 24°, and 40° were
uged in this study. Scroll cross sections are shown in figure 5.
One 80° scroll was so constructed that the center line of the dif-
fuser was parallel to one wall of the scroll (fig. 5(a)). This
scroll was constructed to examine the possibility that the asym-
metrical distribution of area might reduce secondary flowe to a
single vortex, instead of two vortices, and so decrease frictional
losses in the scrolls. Another 80° symmetrical scroll was cast
in plaster instead of sand in an attempt to produce a somewhat
smoother surface. All the other scrolls were sand-cast. In all,
five scrolls were studied: 80° symmetrical; 80° asymmetrical ;
80° gymmetrical, plaster cast; 40° symmetrical; and 24° sym-
metrical. The final section of the scrolls was faired into the
outlet pipe with a rate of area expansion equivalent to that of
a 6° cone throughout.

Design conditions for the scrolls, chosen to correspond with
optimum impeller operating conditions, were: air demsity, 0.0750 pound
per cubic foot; volume flow, 72.33 cubic feet per second; total tem-
perature at scroll inlet, 689° R; circumferential component of air
velocity, 359 feet per second. .

Experimental setup. - The compressor was driven by a 1000-
horsepower dynamometer through a variable-speed magnetic coupling
and a step-up gearbox. A speed strip in combination with a strobo-
scopic tachometer operating on line frequency was used in maintain-
ing & constant speed. A flat-plate orifice installed at the inlet
to a large orifice tank was used to measure the flow. The com-
pressor and the inlet and outlet ducts were heavily insulated to
reduce heat transfer.
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Standard instrumentation (reference 2) was installed for the
determination of compressor over-all performance. Additionasl pres-
sure measurements were teken at the diffuser exit and inside the
scroll. The location of these pressure instruments in the scroll
inlet is shown in figure 2. These scroll-inlet instruments, together
with the wall static-pressure taps near the outer boundary of the
scroll, provided a method of verifying the design assumption that
the compression was practlcally isentropic and that the pressure
around the scroll inlet was essentlially constant.

Experimental procedure. - The recommended procedure for investi-
gating centrifugal compressors (reference 2) was followed. Runs
were made at actual impeller tip speeds of 700 to 1300 feet per
second, at intervals of 100 feet per second, from full throttle to
gurge. All the runs were made at ambient inlet-alr temperature
and with the collector discharging into the laboratory exhaust
system. The unit was throttled at both inlet and outlet and,
whenever possible, outlet pressure was maintained at 10 inches of
mercury above atmospheric.

RESULTS AND DISCUSSION
Comparison of Performance of Scrolls

Performance characteristics of the compressor with each of the
scrolls are shown in figures 6 and 7. It 1is obvious that, in general,
only emall variations in compressor performance result from the dif-
ferences in scroll geometry employed in this study. Peak efficienciles
(fig. 6) are sbout the same for all the scrolls and occur at approx-
imately the same load coefficient. There are small differences in
the manner in which the efficiency drops off as maximum load coef-
ficient is apvroacbed, but there is no obvious relation hetween
these variations and the modifications in scroll shape. At a tip
speed of 1300 feet per second, the 24° scroll shows slightly, but
congigtently, lower efficiencies and exhibits & tendency to choke
at slightly lower values of load coefficient than the other scroll.

Pressure ratios of the compressor with each of the scrolls at
actual tip speeds of 700 to 1300 feet per second are shown in fig-
ure 7. The pressure ratios for all the scrolls are essentially the
same although there is again some evidence that at the higher tip
gpeeds the 24° scroll is slightly less effective than the others.
Comparison of the performance charactsristics of all of the scrolls
indicates that, with the possible exception of the 24° scroll, all
are within the applicable range of this design theory.
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The circumferential distribution of static pressure is showm
in figure 8 for the design flow and for maximum and minimum flows
at a tip speed of 1000 feet per second. At design flow, the pres-
sure is essentially constant; the design method therefore appears to
give the required pressure uniformity around the scroll entrance.

At maximum flow, the static pressure at the scroll entrance decreases

continuously as the angular distance from the tongue increases
because the necessary velocity in the scroll requires conversion of
gtatic pressure to dynamic pressure. At minimum flow, the pres-
sure Increases around the scroll entrance, showing & higher rate

of diffusion along the scroll than at design flow,.

The assumption of a radial-density ratio of 1:1.1 from entrance
to outer boundary of the scroll was investigated by taking static-
presgure readings near the outer periphery of the scroll. The
maximm density ratio at design conditions was found to be about
1:1.07; hence no appreclable error is introduced by assuming an
isentropic change of state for design computations.

The characteristic curves for the compressor, on recommended
coordinates (reference 3), are given in figure 9 for the sand-
cast 80° symmetrical scroll. Because the variations in com-
pregsor performeance with the different scrolls were slight, these
performance curves may be considered representative of all the
scrolls.

Comparison of Performance of Various Compressor Configurations

Unpublished data were available from experiments in which this
impeller was run with: (1) the vaned diffuser designed by the
manufacturer for this impeller followed by a collector ring; (2) the
same 20-inch vaneless diffuser used with the family of scrolls
followed by a collector ring; (3) the 20-inch diffuser and a dif-
fusing scroll; and (4) a 34-inch vaneless diffuser (the same as
the 20-in. except for diameter) followed by a collector ring, which
permitted intercomparisons of compressor operation with various
components. The over-all compressor performance with these dif-
ferent configurations (figs. 10 and 11) was compared for an actual
tip speed of 900 feet per second because directly comparable data
were available for the four compressor installations at this speed.

Substitution of the 20-inch vaneless for the vaned diffuser
(voth with a collector ring) resulted in & loss of 3 to 5 points
in efficiency over most of the normal operating range { load coef-
ficient, about 0.20 to 0.25) but postponed incipient surging to
considerably lower flows and increased the maximum capacity
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(fig. 10). When the collector ring was replaced by a scroll, the
efficiency was ralsed to values 8 to 12 points higher than those
for the same diffuser and a collector ring, and the operating range
was appreciably extended toward the high load coefficients. The
20-inch vaneless diffuser and the scroll raise the efficiency from
3 to 8 points above that for the vaned diffuser and collector ring
and provide a much wider operating range. IExcept at the highest
flows, the efficlency of the.Z20-inch diffuser and scroll compares
well with that of the 34-inch diffuser and collector ring.

Variations in pressure coefficient (fig. 11) due to changes in
diffuser and collector are qualitatively similar to those in effi-
ciency. Substitution of the 20~inch vaneless for the vaned diffuser
results in a 3- to S5-point loss in pressure coefficient. Sub-
gstitution of the scroll for the collector ring raises the pressure
coefficient to values appreciabdbly above those with the vaned dif-
fuser and collector ring and to about the same values as those for
the 34-inch diffuser and collector ring. Although the curves shown
are for actual tip speeds, the equivalent tip speeds were nearly
enough alike to allow a qualitative comparison.

SUMMARY OF RESULTS

A method for designing diffusing scrolle was developed and applied
in the construction of a family of scrolls of different cross-
gectional shapes. The scrolls were then investigated as a compressor
component with a 11.24-inch-~diameter mixed-flow impeller and a 20-inch
diameter vaneless diffuser. The performance of a representative
scroll was then compared (for the same impeller) with that of other
configurations incorporating a collector ring instead of a scroll,

The following results were obtained:

1. The design method accomplished the desired circumferential
uniformity of pressure at the scroll entrance under design conditions
for the scrolls investigated and hence was applicable throughout the
range of geometric variations employed.

2. The changes in scroll geometry and surface condition employed
in this study resulted in negligible differences in compressor per-
formance though indications exist that the 24° divergence angle is
too small for optimum performance at high tip speeds.

3. Substitution of the scroll for the collector ring, both with
the 20-inch diffuser, gave increases in.efficiency of 3 to 12 points,
substantial increases in pressure coefficient, and extended the oper-
ating range to significantly higher values of load coefficient.
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4. The compressor performance with the scroll and 20-inch
vaneless diffuser compared well with the performsnce when & col-
lector ring was used with either a 17-inch vaned diffuser or a
34-inch veneless diffuser.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, October 1947.
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