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FOREWORD

This document was prepared by the Turbine Research Section of Sundstrand
Turbo, division of Sundstrand Corporation, and is submitted in fulfillment
of USN Contract Nonr 2292(00) No. NR 094 343. It is the third of four parts
comprising the final report. The work described in this volume was accom-
plished during the period 1 February 1958 through 30 January 1960. Many
people contributed to the program since its inception. David H..Silvern
originated the turbine theory and Wil Nerenstein designed the test hardware
in 1958 during the first phase of the program. The author conducted the
additional analysis and test phases. Harold Gavenman, Floyd Beach, and
Howard Goodknight assisted with hardware procurement, testing, and data
reduction. Dr. O. E. Balje, engineering consultant on turbomachinery,
contributed advice on technical problems.

Approved by:

77 r

"'j/”"’//?! & /i/‘q’”d/
E.B. Zw}tf/
Associate“Chief Engineer

L(J. ¢ waﬁu o

W. E. Wayman
Chief Engineer

Except for use by or on behalf of the United States Government, all rights
with respect to this report, including without limitation, technical informa-
tion, data, drawings and specifications contained herein, are regerved by
the Sundstrand Corporation.
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: ABSTRACT

« The tangential flow theory for drag turbines, as proposed by
D. H. Silvern, stipulates that a recirculating flow mechanism for harness- |
ing the energies available in a working fluid can be expressed by Euler's |
equations, with minor corrections for friction forces. The theory suggests |
that a flow pattern, much like a corkscrew, can be established and main- |
tained by the channel geometry and block seals which satisfy the boundary |
conditions of the theoretical equations. Although the vaneless peripheral
channel is analogous to the drag turbine, the actual flow ;:an be visualized
more easily as that of a reentry impulse turbine with the streamlines within

the channel forming the necessary reentry duct.

The significant equations of Silvern's theory are used to design a
test turbine which successfully demonstrates that the desired flow pattern
can be established. The corresponding high efficiencies predicted by the
analysis are also attained. These turbine efficiencies are considerably
higher than that possible for single stage axial flow, terry, or drag tur-
bines operating at the same very low specific speeds. By using the loss
' coefficients inferred by the test data, an NgDg diagram is derived indicating
the maximum efficiencies attainable with optimized design parameters. The

effects of geometry ratios on performance are also discussed. .
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1. Introduction

Ip the final report for Phase [ under the Office of Naval Research
Contract NONR-2292(00), D. H. Silvern proposed that an idealized recir-
culating flow pattern might be created in the peripheral channel of a drag
turbine. The theoretical flow equations indicated that if such a flow could
be establlished through proper design of the block seal between the inlet
and exit ports, and the rotor blades and channel configuration were also
chosen to conform, comparatively high efficiencies could be expected for

low specific speeds.

As part of Phase II of the ONR Research Contract the task was
undertake;l to construct and test such a drag turbine. It was expected that
the theory would be experimentally verified, and sufficient analysis of the
turbine performance w.c.>u1d indicate the significant design criteria and li-
mitations of this turbine type. This report presents the results of the ex-
perimental investigation, and extended analysis, undertaken by the Turbine
Re search Section of Sundstrand Turbo. Because the flow equations were
solved for the incompressible case, the test machine was designed for very
low pressure ratios. There were indications that despite the compressi-
bility effects the turbine would perform close to the theory. For high pres-
sure ratios, it may be possible to expand the vaneless channel around the

periphery and permit significant circumferential decreases in flow density.

S UND STRAND T URBO
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Although the early investigation was directed toward the analysis of

drag turbines, the turbine described here differs primarily in the shape of

the rotor blades and the block seal. In some respects it can be .conceived

as an impulse turbine with an efficient scheme for multistaging or reentry in

the same disk. The similarity with drag turbines lies mainly in the vaneless

peripheral channel common to both, and that the general flow direction through

both machines is essentially tangential with the wheel rim.

2. Design Analysis

2,1 Concept of the Tangential Flow Theory

A drag turbine consists of a rotor wh;>se blades protrude
into a vaneless peripheral channel. Gases are introduced through an
inlet port, then ducted around the channel to escape through an exhaust
port. Both the inlet and exhaust openings are separated by a seal
which blocks the stator peripheral channel. Thus the gases may flow
in one direction only. The rotor is driven by the change in moment
of momentum of the peripheral gas flow produced by the turbine pres-
sure ratio. A complex flow mechanism is created, for there is also
a radial flow stimulated by the radial pressure gradient. The com-

bination forms a corkscrew type of flow pattern.

§ UNDSTRAND T U R BO
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The conventional drag theory developed by O. E. Balje
(Reference 3) simplifies the concebt by neglecting the recirculation
and dealing only with the peripheral flow component. Torque is pro-
duced by viscous shear between the peripheral flow and the rotor.
Best efficiencies are possible when the rotor drag coefficient is high
due to a blade configuration which appears extremely rough to the

flow, and the stator drag coefficient is very low.

The turbine concept suggested by D. H. Silvern in Reference
1 is an alternate point of view., Here, the viscous shear effects are
discarded as a loss, and it is presumed that torque is produced only
by tran.;»ferring momentum from the fluid to the rotor through the re-
circulating flow mechanism. In reality, therefore, it is not a ''drag"
turbine, for that term implies viscous shear. It is rather a multi- i
staged impulse turbine, because momentum is transferred each time

the fluid recirculates through the rotor blades.

A picture of the turbine is shown in Figure l. The fluid is
iniroduced tangentially inward and enters a cascade of radial flow
blades fastened to the face of a rotating disk. After passing through
the blade passages and imparting some momentum to the rotor, the

| fluid enters a vaneless channel where it circulates toroidally upward

i
S UNODSTRAND T U RBO
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and around the blade shroud under the continual influence of the
peripheral and meridional pressure gradients until it re-enters the
blade passages again. The corkscrew-like flow pattern is repeated
until the exhaust outlet is reached. The block seal between the inlet
and exhaust ports is shaped to implement the boundary conditions
and design parameters necessary to satisfy the Eul~r differential
equations for this type of flow. Figure 2 shows the block seal
fastened to the stationary blade shroud. The complex helical con-
tours at each end follow the predicted streamlines at the inlet and
exhaust for the incompressible flow solution, Figure 3 shows the
seal assembled in the vaneless toroidal channel. The two parts in
the center of the picture cover and complete the channel except for
an annular slot through which the turb‘ine cascade is inserted. A
typical section excluding the block seal is shown in the upper right

corner of Figure l.

It is interesting to note that both the experimental research
and theory concerning drag turbines lead to designs where the re-
circulating flow mechanism is strengthened, by choosing drag blade
angles, profiles and spacing, and shaping the peripheral channel,

In other words, those features which increase the drag coefficient of

the rotor seem to do so mostly through the re circulation they generate.
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The tangential flow theory, therefore, suggests that better perform-
ance can be attained from drag turbines primarily with features

that stimulate and sustain the recirculating flow.

2.2 Derivation of the Flow Equations

To describe mathematically the flow pattern existing within
the turbine, certain boundary conditions must be established.

a) The flow velocities are symmetrical around the peri-

phery (except for the block seal).

b) An equal amount of work is taken out of each streamline.
These conditions can be imposed if we assume that the fluid is in-
compressible, the peripheral pressure gradient is constant, and an

infinite number of symmetrical turbine blades are used.

The assumption of symmetry permits the analysis to be
simplified because the entry and exit blade angles are equal. For
the case of the radial inflow design of the test turbine, this is not the
actual fact, for the blade speed decreases as the flow passes through
the blade passages, and the¢ impulse design requires that different
blade angles exist at the entrance and exit. However, if the chord

length is a small percentage of the rotor radius, it can be assumed

S U ND STRAND T URBO
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that the blades are of an impulse type, with symmetrical profiles,
and not incur errors of consequence.

In the following analysis, three objectives will be apparent.
First, the solution of the Euler Equations based on the above as-
sumptions will derive the flow concept, show that the flow pattern
is stable, and provide design criteria for the block seal. Next, by
estimating the losses and how they are influenced by the design
parameters, the overall performance of the turbine can be pre-
dicted. Finally, the comparison of test data with the theoretical
predictions provides both confirmation of the analysis and greater
insipht into the validity of the initiai boundary conditions and as-
sumptions. The Euler equations for frictionless flow, and the equa-

tion of continuity may be written in cylindrical coordinates (P =ference

2):
Cr, G0l 00 Cu o 3P g (
)T roy 0z r P
I O YO S I (2)
) Y D r erog
r LY o Qoz
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1;

Where
z r,u, z = radial, tangential (or peripheral), and
axial coordinates, in feet
7‘ Cr,CusC, = velocity components, ft/se(:2

1} = pressure, lbs/ft2

: e = mass density, lbs sec? /it

¢ R, Y,J Z = body force components, ft/sec?

] Equations (1, 2, 3, 4) may be transformed into a more con-
i venient form by establishing a new coordinate system, m, n, in the
l r - z plane, which follows along with the flow element in the r - 2

plane. C, remains the velocity vector perpendicular to the flow in
| the r - z plane, but € becomes the vector sum of C_ + C,. The
. velocity vector C,, is zero since it is perpendicular to the streamline,
The coordinate transformation is illustrated in Figure 4. The
N following equations are cse: i lic transformation:
C, = Cpsine
C, = Cy
Cz = Cpcos@©
r = msin©®+ ncos©

I Z £ mcos® -nsin®
l © = arc tan CI./Cz
.

s

-

Foony
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Or, in terms of m and n,
m = rsin©+ zcos©

r cos®© - z5in ©

=]
n

By introducing the above substitutions, and assuming an incom-

pressible fluid (constant P ), the revised flow equations become:

Cndlm , C m _Cisine o _3b .M (5)
3m rag r eam

| N, ¢, 30 __2p Ly (¢)
ro3m ro¢ er3y ]

Cn 28 .,_C.LCM%T-QCOSG__\QP_.*.N (7) )

In the above equations, r is not a coordinate, but rather a
function of m, n, and ©, as determined by the streamline. These
four equations have seven unknowns: C.,, Cu’ e, M, Y, N, and p.

! In the free space of the vaneless channel, the body forces are zero,

and the flow is (hus defined in the equations with only four unknowns.

8§ UNDSTRAND T URUBO
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In the bladed section, the body forces aré perpendicular to the

o them. Thus the ratio

blade surface, and the flow is parallel t
y force is written

of meridional to circumferential bod

M. €)
~ f (o m)

where f (m,n) is @ function of the rotating coordinates. By intro-

ducing the as sumption of an impulse blade with its symmetrical
velocity diagram, the function becomes related to the flow velocities

(10

fom )= S
Com

One of the poundary conditions states that the velocity is

mmetrical around the periphery. This requirement is fulfilled

sy
@, and C, are independent of (P It

only if we assume that Cm:

must now be determined if the other boundary conditions can be met

continuity equations reduce to:

also. The flow and

2
C,,,\_b_(:@. _ Cusin® - 2Pk M o
2m r p3am

(12)
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Cr 38 _Cu%COSG._.__E’_E+N (13)

AMm r Pam
Y (o R - 14
rb/’rmn T 3Im © 4

Further simplification results if the equations are written in terms

of the distance, b, between two closely spaced streamlines in the

m, n, plane.

AG - 29 b
om
AD . Ob
Am

Be - Bb (\5)
am  bam

If we substitute the abovz relationship in equation (12), integration

is immediately possible.

>(C r)+ Con 36 3(Curb) _ .

ram b dm 3m
2Mrbp Co = 22 (1e)
S U N D S8 TR AND T U R B ©
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w is now the total meridional flow in the particular stream tube

m

of width, b, and length, 2T . The solution also ?nfers that an
average value of the variables can be used for the 'whole stream
tube. In relation to the turbine configuration, the stream tube of
width, b, is shown as the toroid with the donut-shaped cross-section
in Figure (1). At some point around the periphery is a seal, where
fluid is introduced on one side and exhausted on the other, Care
must be taken in designing the inlet and outlet portions of the seal

to assure that the boundary conditions are maintained. In other
words the seal wall must coincide with the flow streamline, form-

ing a helical or corkscrew like surface.

Substitution of equation (16) in equation (12) permits inte-
gration for the free space portion of the channel, where the body

force, Y, equals zero.

d(cur) gm . b (zm-bo\ dm

None of the variables in this equation is a function of (F
Even AE_ is constant since it was assumed that the pressure

gradient is linear. Therefore, the right side may be rewritten:

S UNDSTRAND T URBO
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ACr) gm .__Lp__ (27 rb) dm

3Im T 2T Wy

where Ap is the internal pressure difference between the channel
entrance and exit and constant for each meridional position. The
limits of integration are from the blade exit meridionally to the

blade entrance.

A,(Ckr) - - 2?33%/% (ZTI'I'b(m*) (17)

It is interesting to note that the bracketed valve on the right is the
free space volume of the stream tube, or the volume enclosed in
the vaneless section of the peripheral channel. The equation can

be rewritten,

Ab V
seur) - - 2T W /g (i) _

S U NDUSTRAND T URBO
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i .The minus sign signifies the direction of C, at the integration

boundaries. It therefore, appears that the (C,, r) variation is

dependent on the volume of the channel and not on its shape. In

other words a round, elliptic or rectangular channel cross-sec- |

tion of a given volume does not affect A(C,, r) even though the

shape may increase meridional turning losses.

The torque transmitted by the fluid to the rotor is deter-

mined by integration of equation (12) where the body force)Y‘ is

not zero but represents the circumferential blade force on an in-

finite numoer of rotor blades. Thus

| SF ~
T p(brde dm) ()

where (! rdcpd:m) is a volume in the blade passages, and 193

is the differential blade force (lbs) exerted in the arc, rd? .

Equations (12, 16, and 19) yield:

| S _ _vim (Cur) dm dg 2B b dmdg
2

2wrqg am

SUNDSTRAND T URBO
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Multiplying by r to obtain the differential torque, ST, the equation

becomes

ST = _Wem 3(C,1) dm dg | ok rb dmdg
2mg  am RIY,

From consideration of the boundary conditions, it is realized that
(Cy r) is independent of CP , and Ap is independent of m. Thus the

e m—

equation can be integrated:

T = _‘.".%:.LA(CJ) +/(rb Ap)dfm

But the integral value — (rb &p dm) is equal to. the torque on the

blades passing through the block seal between the outlet and inlet

-

passages. Therefore the total torque of the rotor is:
o

T - (e (20)

and the power is obtained by multiplying by u/r

P - _V:_a’.m_ A(Cuu) (21)
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If equation (17) is substituted in the above expressions for torque
and power, it is seen that both are proportional to the free channel

cross sectional area.

The overall internal efficiency is the power removed by
the rotor divided by the total available power. Here we define the
efficiency as internal to exclude inlet and exhaust losses, disk fric-
tion, and leakage, these all being external losses. " The internal
efficiency thus reflects the capability of the turbine to convert th;a
total internal pressure head to useful power. (The commonly used
expression for hydraulic efficiency includes the inlet and exhaust
losses. The choice of definition here is intended for convenience

in the analysis.)

where W_ is the flow through the machine, 'bs/sec. Thus:

SN (N (22)
t LU; A
(50

DIVISION OF SUNDSTRAND CORPORATION
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|
From this equation one can deduce that \:vm/Gvo represents the

number of circulations made by the fluid as it passes through the

(]

L
head converted to work output in each pass through the rotor cac-

turbine, and the fraction A(%:_UJ (Ab\ is indicative of the

cade,

» » = * .
Consider that w, = m* b C“avg' where Cuang is the average
peripheral velocity component in the vaneless stream tube. Also

substitute equation (18) for the internal pressure head. Then,

7 = W A(Cuu") _Gy\(\-\[
E g tm¥b G| AGr)2Tiy,

70 - urm (2.3)
¢ Cu
where u is the mean blade vzlocity at r, ., the mean ;'adius of the
circumferential channel volume, V. This, of course, is the same
expression for efficiency which is obtained by the drag theory (Refer-
ences 1 and 3) from overall pressure-momentum considerations.
According to the drag theory, no work can be done when this func-

tion approaches 1,0, The meaning for this derivation is quite

different, Large variations in C, can exist, even when the mean

velocity C approaches a blade speed, In generai, C, is very low,
uavg p 8 u Yy

S UNDSTRAND T URUBO
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or even negative at the exit of the turbine blades, and very high

when entering the cascade. This accounts for the unusual shape

v

of the block seal,

The expression for internal efficiency is valid only if it
can be shown that all of the internal energy losses can be account-
ed for by the flow equations. To derive this relationship, we must
determine if there is a meridional pressure head across the bladed
section that is less than the pressure head recovery in the vaneless
portion of the stream tube. This difference would be the energy
| available for overcoming the losses in the rotor blades, the circu-

lation losses due to the meridional turning, and viscous losses,

-

4 To investigate the flow in the rotor blades, let us combine the fol-

lowing equations:

! M=oY £(mm - _Y(i& (9,10)

C G _ Co she = 20 M (1)
: am r pom

! C_M_S(Cuj')___ QE Y
ro3m erog *
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where M is the body force along the m axis, and f is a function of

the coordinates, m, n. Then

% (3 Cu sine+c,ma(cur)(c“-u) 2k
:

“pam am r Fam \ Cyw JRY

This can be simplified.

b 3G 3¢ _ulsine ude o op
QBIm_ 2dm  2dm - Y QrBLP

Integrating from the blade entrance to the blade exit with respect

to the meridional coordinate, at constant (P ,

_(AP) : Agﬂ; N _Azéi_%A(cuer,%_Ew £ dm

€ leoroe

The left side of the equation represents a meridional pressure
head increment through the rotor blades. Since as a boundary
condition, we assumed that symmetrical blades are used, where

the entry and exit blade angles are equal, then the integral

i L Buaoe exiT EXIT
" |
'fdm = /L _dm =0
- / tan
E 2LADE INLET INLET
$S$ UNDTGSTRAND T URBO
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Therefore
-(.%P_) - - A(C.Lu)ﬂgfé ; Agf (24)

Next consider the vaneless section where M = O.

_3P dm = Cpp2Gm dim _Cisin6 dm
Q am Am r

Since sin © = 9r , the equation can be simplified and integrated:

dm

. BLADE INLET
- ‘
_(_Ab; _ 4G, , aG [ G od(e,n
Q STATOR z 2 r
RBLADE. EXIT

The left side of the above equation represents the pressure head
increment in the vaneless section as the integration progresses

meridionally to reenter the rotor.

The integration term can be solved if (C/r) canbe re-
moved from under the integral sign. This can be shown by sub-

stituting the differential form of equation (17) for d(C,r)

/ﬁhd(CKr)= Co (40 _rbdn)
) r r w,m/&

__Ab_ [(C, bdm
Wm/g,
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where /Cu b dm is recognized as equivalent to the averaged tan-

gential velocity, , times the channel free space cross sec-

C’uav g

tional are. b m#*. }Mov substituting equation (17) for the term out-

side the integral,
Lo d((ur) = _C_uwa A(Cur)
r e

therefore,
2

(_%% - A, Af-ctﬁ”‘* Altd) (@

Integrating on a complete meridional path through the rotor,
around the stator path m*, back to the entrance of the rotor blades
must return us to the original pressure if the flow is continuous.
Therefore, the sum of equations (24 and 25) is zero. If the equations
do not balance, the difference will represent the energy necessary to
overcome losses encountered by the flow. In other words, the pres-
sure head recovery which occurs in the stator must be sufficient to

overcome a rotor drop and subsequent stator losses.

aM, = (2E) o (-28)

Q ROTOR 9 )ST‘M'DP.
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When the sum is written with care to account for the

numerical signs resulting from the limits of integration, we find

that
AH, = A(Cug C’—:ua -1

\ o
AH,, A(Cuu) o -1 (26
The pressure head difference is thus equal to the internal losses
during a circulation. To obtain the head loss through the entire
machine, multiply AH = by the number of recirculations

AH =—é§‘LAC“u _f‘l?_' (27)

(]

Since the total internal head can be equated to the head converted

to power plus the head available to overcome the internal losses,

<AE>. __P ., am,

oL R —
e o)+ (L -]
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and therefore,

\7.\/,,,. A((u“) ( 28)
~ &

The above equation for internal efficiency is identical, of course,

=

with equation (22). Thus all of the energy lost is absorbed in
overcoming the internal losses of the circumferential and meric-
ional flow, the blade losses, and the turning losses, If these
losses were zero, u would equal Cuavg' and the internal efficiency

| ) would become 100 percent. We may therefore infer that the assump-

tions do permit a unique solution of the flow equations that accounts

i e AR A SN A

for all internal losses and that the flow is stable.

The internal pressure differential has been shown in
equation (17) to be related to the meridional flow, the channel vol-
ume, and the change in (C r). If we include equation (16), and

divide by the flow density, T, then

| (AE)C - A%ur) 21/rm£,m
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For symmetrical impulse blades this may be written

S

¥

L

) A(C%uﬁ((: g 1) ﬁ%tan &

where u is the blade speed at the mean radius, T .. For equal

- velocity tridngles,

A@: 4_‘11. \_C_&_>
2%

%

Therefore,

' 2
(TE)L - 4 2g (‘” ') Hetme @
velocity can now be

The familiar ratio of blade speed to spouting

derived based on the internal adiabatic head.

! (30)

u
Co T H (G T A tan B
2.3 Losses

The internal efficiency, 7/, » accounts only for the losses
L

These include the blade losses, L‘b' the meri-

within the turbine.

T UR BO
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dional turning loss, L,,, and the tangential friction losses, L,.
l Both Ly, and L occur each time the flow completes a circulation.

{ Thus

S.L=(Ly+Lajm ~ L, (31) |

where n is the number of circulations.

- channel length

J
1
[i S/TD No. 1735 30 January 1960

Cy (time interval of one circulation)
avg

21 -
(m*/C_) |

C“avg
where 2T I'm is the approximate channel length if the block seal
width is small. Substituting for C,;,, _and C,,, the number of cir- 4
culations between inlet and exit is

m = (ﬁ_l)%@tan ({I . (32

W

However, other external losses do occur which reflect in the power
output of the turbine. These are the inlet nozzle loss, Li; the exit

loss, L.: and the disk friction loss, Ld. The overall efficiency is
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therefore

where

™
>

L; +Le + Ly

and

<3
1]

<%E)L +2..L

Similarly, there is an equivalent u/C0 which reflects the overall

adiabatic head.

N 2 4

TS S (34)
Al

0

And finally the shaft efficiency takes into account the leakage as

well as the head losses.

Y 4

L= (g @9

wher: »'vl/ \;vo is the ratio of leakage flow to inlet flow,
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It is the shaft efficiency, 7 » Which must be derived as a function
s
of Ng and Dg to best illustrate the turbine capabilities and permit

.= comparison with other types. Each of the losses are now discussed

in detail,

2.3, 1 Blade Losses

The blading loss in a well designed constant area
turbine impulse blade passage is a function of the blade turn-
ing angle, the blade aspect ratio, partial admission effects
(filling and emptying losses), and the relative velocity head.
For turning angles of less than 120 degrees, a loss of 30

percent of the relative velocity head is chosen as a conser-

vative estimate.

Lb = 03 (Cu—uj-+ Cl ]

or

L, = 03 ;g. [(%_t)l._\/utaﬁ@ﬂ (3¢)

where (3 is the inlet 'nd exit blade angle. The blade loss

occurs every time the flow passes through the turbine cas-

cade,
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The character of this loss may be examined in
more detail to argue the validity of the estimate. Using
axial flow impulse turbine notation, the blade loss might be
written in a different form:

2 2
L (Cu. -U) * CIM :
b = | =%
2%, R

where '}0 R is the velocity coefficient of the rotor blades,

(the ratio of the velocity leaving the blade passage to that
entering, relative to the rotor). Considering that the tur-
bine is similar to the multistage single disk design discussed
in Reference 1, the following relationships should hold for

optimum designs.

'}ﬁo = [L—.aza(u——s% (\—.oe—(:-)_

The term in the first bracket represents the loss due to turn-

o

ing within the blade passage, and the second bracket term de-
notes the effects of aspect ratio (chord/blade height}). For
subsonic flow, the Mach Number correction is excluded.

The coefficient VRO is evaluated above for a full admission

turhine. Introducing Stenning's correction for partial ad-
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mission (Reference 4),

V- % (-da) )

where (t) is the blade spacing and (a) is the arc of ad-
mission. In this case, (a) would be that portion of the
periphery occupied by each recirculation as it enters the
rotor. Since all the arcs of admission for the incompress-
ible case are eq 1, and the assumption of an infinite cas-
cade is made to simplify the analytic solution, one might
discard the partial admission losses. But when the blades
are finite in number, and the working fluid is compressible,

then the effect of partial admission must be examined more

thoroughly.

In a multistage single disk turbine, each stage is
separated by seals on both sides of the rotor blade cascade.
Thus, each stage experiences the partial admission losses
associated with the flow mechanism when a blade passage is
partially opnosite the nozzle jet stream and the gases expand
rapidly and turbulently to fill the passage volume. The in-

crease in nozzle arc for each succeeding stage reduces the
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effective loss as shown in equation (37). In the tangential
flow turbine, the partial admission loss occurs in the first
two passes only, for subsequent circulations are not sepa-
rated l;y any seals. Each time the flow recirculates meri-
dionally, it shares a common streamline boundary with the
previous circulation. At every point around the vaneless
channel, there is a meridional flow component, even though
the peripheral flow velocity must increase to compensate
for the decreasing gas density. Figures 5and 6 are photo-
graphs taken of the turbine, split open to show the stream-
line pattern left by traces of carbon black introduced into
the inlet. Evidence of three circulations exists, and the

progressive increase of Cuavg up to the exhaust wall of the

block seal is obvicus.

One might, therefore, suggest that, except for
the first two circulations, partial admission effects are

negligible. Then an average coefficient can be defined as

=] - _EB - _C_)( - (t/a\ INLET >
K S| (I 90) <I Cl b | No. oF CIRCULATIONS

S UNDSTRAND T U RBO

CIVISION OF SUNDSTRAND CORFORATION




S/TD No..1735

3r January 1960
Page 30

For the test machine geometry, ’}V R Computes to be
0.889. The loss coefficient, (1 'VRZ)’ is-0, 222 as com-

pared to the conservative value of 0. 3 chosen in equation

(36).

2,32 Meridional Turning Loss

The test data available for ducts indicate that
the losses for 90 degree bends are in the order of one
quarter of the velocity head, provided that there are no
sudden expansions at the turn, The 360 degree turn made
by the flow in the meridional direction would suggest that
more than one velocity head would be lost during each suc-
cessive circulation. A value of 1.5 therefore seems con-

servative,.

kX N LS
Len = |.S.£~_ =15 X &-l tm‘p

28, 2% w
This loss is repeated every time the flow completes another

meridional circulation in the vaneless channel.

2,3.3 Tangential Flow Loss
The losses due to friction in the duct are a func-

tion of the friction coefficient, the mean square of the cir-
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cumferential velocities, and the ratio of duct length to four
times the hydraulic radius, commonly known as the D;rcy-
Weisbach Equation. Because the flow is conside red highly
! turbulent, the maximum circumferential velocity is used to

determine a conservative loss coefficient.

P
Le = 3% 2%

where 1 is the circumferential length of the duct and 13N is the
hydraulic radius (the duct cross-sectional area divided by the

wetted wall perimeter). Considering the geometry of this type

of flow channel, the tangential flow loss is then:

e = f T (f;«) (39

where f is the friction coefficient and b is the channel width

(or blade height). How can f be evaluated? Assumin the
g g

' ’ channel is a smooth wall pipe, the average Reynolds' Number

can be expressed:

‘ Re — C-um«%r (4 r&\ T

. F
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where 4 rp, is again the equivalent diameter of the channel

and is equal to 2b. The mass flow is obtained from the

continuity equation

W, = C‘*av% ¥ m* b

Hence

peuaz ;;:; (AO“)

Blasius (Reference 5) suggests that, for turbulent flow in

a very smooth pipe

_ 36 (40 b)

s

It is interesting to note that, for the design geometry of the

test turbine, f computes to be 0.016, which is less than one
third the value determined from experimental tests. The
difference may be attributed to the mixing which occurs be-

tween circulation passes along the streamline boundary which

they share.

If it is assumed that the pressure decreases steadily
around the peripheral channel, then for an infinite number of

blades, and an infinitesimally small inlet nozzle arc, the
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pressure pattern'shown in Figure 8 can be established. The

solid line depicts the pressure gradient at any constant radius

around the vaneless channel. In the actual case, a different

pressure pattern may exist because the number of turbine

blades are finite and the nozzle peripheral arc of admissiun

is significant. Thus the pressure iz coustant over the nozzle
?

arc ws indicated by tne dasned line. Assuming that the partial

admission effects of the jet are negligible, that is, the blades

are positioned directly under the nozzle arc so that all pass-

ages are filled, the pressure gradient across the exit arc of

the flow stream would also be constant. The jet so discharged

from the rotor blades will then be guided by the block seal to

per part of the vaneless channel and will again flow

A}

the up

through the rotor blade passages due to the meridional velodty.

The process repeats as the fiow progresses around the chan-

nel circumference, except that the flow is guided in its recir-

culation by the streamline boundary of the preceding circula-

tion instead of by the block seal. This peripheral pressure dis-

tribution is indicated by the dashed line. Since a pressure

gradient across the streamline boundary cannot be maintained,

mixing must occur, and a more gradual gradient 1s established,

as shown by the dotted line. Whenever the partial admission
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effects are introduced by off-setting the blade passages with

respect to the nozzle arc, the turbulence from the two par-

tially filled passages will invigorate.the mixing action even

more. Finally, when consideration of compressible fluids |
implies expansion in the peripheral direction, it can be in-
ferred that each successive circulation will require a large\r

peripheral arc of admission, and the resulting pressure

gradient will be steeper in the beginning. This is ;llustrated

in Figure 9 where a pressure ratio of 2:1 causes the gradient

to level off toward the exhaust. At lower pressure ratios, |

compressibility effects are so slight that the gradient is

practically a straight line.

The mixing that takes place, then, between the
streamlines within the vaneless channel is a process which in-
creases the entropy without converting the dynamic energy to
shaft power. Hence, it is a loss similar to friction and appears
as a component of the friction coefficient. One can easily infer
that the number of circulations, which is proportional to the
specific diameter D, will influer.ce the magnitude of the fric-

tion coefficient. A rigorous solution taking this variation into
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account would generate a theoretical efficiency curve in
Figure 19 which would be lower at the low u/Co values and
with the peak efficiency displaced to a higher u/C,. The
coincidence of the theoretical curve with the test data would
then be even more favorable. However, oné empirical value
for an average friction coe fficient was derived from the test

data and use to simplify the analysis.

2.3. 4 Inlet and Exit Losses

The inlet loss is simply due to accelerating the
flow in the inlet nozzle. In Reference 1, it is expressed as a
nozzle velocity coefficient, VN’ where the head loss is

z *
L Co *+ Cpm 2
L= =%
2%

The coefficient, '}ﬂN, represents the ratio of the actual

leaving velocity divided by the theoretical gas velocity obtain-

able without losses. For well designed subsonic nozzles,
values of . 96 are easily attainable. Therefore a loss co-

efficient of 0. 1 is very conservative, and the inlet loss is

written

Li = C.l(—‘{—\ (_%_)1 A ( % - \Sh’camL B

SUNDSTRANO T URZBO

DIVISION OF SUNDSTRAND CORPORATION

(4n)




S/TD No. 1735

30 January 1960
Page 36

The exit loss is considerably more since mixing and dif-
fusion are involved. If the exhaust port is properly designed

only the meridional velocity must be diffused, so that 50 per-

cent of this velocity head may be assumed lost.

2 2
Le :o,s(‘“L C“-I)tomz d

e

Disk Friction Loss

(42)

2,3.5
A small portion of the available energy is absorbed
in the gas layers being pumped centrifugally along the sides
of the disk. Stodola (Reference 7), as a result of some ex-
periments with discs rotating in air, proposed the following

formula for disk friction loss.

- 2
H =.oe-|ogu3D2r

where D is the diameter of the disc, feet, Converting the

horsepower loss to feet of head,

2Dy
550 — 35—

-6
,OQ % 'O \/‘/o

Ld =

Substituting for the mass and reducing the equation to terms

of the turbine geometry, the disc friction loss becomes,
2

rmw

m* b

0085 @3)

-4

zucéf 7{
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In comparison with other losses, L, is very small, so that
if the internal efficiency is assumed as unity, there is a
negligible effect in the computation of performance, and

the analysis becomes greatly simplified. i

2.3.6 Leakage Loss i
The significant leakage path, of course, is the
radial path, where some of the mass flow can escape from

the channel and reach the ambient environment through the

bearings or flow across the turbine disc face from the high
pressure inlet to the low pressure exhaust. To minimize
this leakage, labyrinth seals are provided on each side of the
turbine cascade. The leakagc path exists all the way around
the periphery, so that the flow which finally leaks out near
the exhaust end of the channel has already done some work.

We may therefore approximate the shaft efficiency by stating

that
W
(- 5
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where it is assumed that half the leakage flow pe rformed
work. (Bearing losses are neglected.) In this analogy, wy

represents both the internal and external leakages. For the

incompressible case,

WE=A\€V($

where Cf is a coefficient characteristic of labyrinth seals.
A value of .6 to .8 is considered reasonable for a typical
seal, For n seals, C; = ( 7)n. The velocity, v, through the
seal is based on the average head across the seal, assuming

the seal back pressure is part of the same amBient condition

as the turbine exhaust.

' 4p
Vo= e <Z‘ff

b Thus

The leakage ratio is
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The radical represents the theoretical velocity equivalent to
the internal head. By substituting equation (55), and assum-
ing that the external losses are small, (C;¥ C,), the leakage

ratio becomes approximately
Wy A k;* 2
—+ = [32 L Ce Ds (44)

When there are three labyrinths in each seal, and h*/r_ =, 0007,
then, for the case of incompressible flow,
W .
—b =~ 0042 D¢
W, |
(o]
A similar expression can be derived for compress-
ible flow if it is assumed that a critical pressure ratio exists
across each labyrinth groove. Beginning with the continuity

equation

. - »*
wL‘—AC£v e

where the asterisk denotes sonic flow, and substituting

v f‘;k Rt(kzn)
r = r’%mnﬁﬁ

)
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where p, and T are the average pressure and temperature on

the pressurized side of the seal, then

2

Wy 47 To (g _&(2.q,k)<?_\')k_-_|'
K |

W Ch m*b | B Vk+d +1
tuta.

° N

The head across the seal is

h =X RT. m

SEAL Kk -|

where n is the number of labyrinth grooves, each with choked
flow. The boundary conditions are the same as those assumed
for the incompressible case; the average head across the

seal is one half the turbine head, and the leakage gases flow

to the same ambient environment as the turbine exhaust.

(AE kb
27 ) (k+1) Y,
By combining these equations, and again assuming that the

external losses are small (Ci': Co), the following expression

for the leakage ratio is derived:

o

i o BT @

T U RBDO
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A comparison of the above equation, evaluated for three
labyrinths per seal, h*,/rm = .0007, and k = 1. 4 is made
with the leakage ratio for incompressible flow (equation 44),
and the actual leakage ratio as measured during turbine tests
(Figure 10). The theoretical predictions, as shown in the
figure, have been modified to take into account the fact that
the test turbine leakage head was considerably greater than

the turbine head (most tests were conducted with a turbine

exhaust pressure of about four atmospheres). The correc-

tion is made only to correlate the test results with the theory,

and must be applied whenever the leakage flow and turbine
flows do not exhaust to the same ambient environment. Very
good correlation exists between the data and the compressible
flow leakage prediction, especially in the range of u/Co for
highest efficiencies. Equations (35) and (45) are therefore
used in the derivation of the NgDg diagram with a moderate

degree of confidence.

The internal efficiency can now be written as a

function of the internal head and losses.
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_ (%‘E>L -2,L
e

T

By including equations 29, 36, 38, and 39, the above

equation reduces to the following expression:

I\
fubn (G
\ I e
- 2
- 2 ) T tan @ (4(,)
{ 2
C 2
| + (=% -1](L.8 tan P+ 03
w
Similarly, the overall efficiency can be written to include
the external losses by combining equations 33, 41, 42, and
43,
— C 2
2T I,
—_u Ltem
4( w \) m* tan (5

T U RBO
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2.4 The Nst Diagram

Of the several design parameters commonly used for de-
fining the significant performance capabilities of turbines, the two
most useful are the specific speed and the specific diameter. Speci-

fic speed is defined as

VA
NQ” (48

NS = H ¥ ;
ad |

representing a number determined by rhe rotative speed, N (rpm),
required to expand a certain head, Hyq (ft), and pass a certain ex-

haust volume flow, Q (cu ft/sec). This term is also a function of

horsepower, since
2 /s

N 550 - (,49)
S

Mt A

where § is the exhaust density (lb/cu ft), and f( is the turbine effi-

N =

ciency. Also derived from the same similarity concepts is the

specific diameter

DS _ D Had <50)
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indicating the rotor dian.zter, D (ft), required to passa certain ex-

haust volume flow at a certain head., It is evident that turbine de-

signs possessing similar specific speeds and specific diameters

are similar in flow mechanism and geometry, and consequently, have ‘ 1
the same efficiency (neglecting the effects of Reynolds Number and

Mach Number in the blades). A most important feature is that opti- 4

mum design geometry for a given type of turbomachine can be de-

rived and expressed as a function of these terms, This means that

i1 the maximum obtainable efficiencies far all optimum design geome tries

! can be represented by lines of constant efficiency plotted on a diagram

with coordinates of specific speed and specific diameter. The NgDg

diagram thus reveals to the designer the most desirable turbine types,

geometries, and performance regime that will satisfy the power and

energy requirements of a given performance specification. Itis most

| interesting, therefore, to compare the Tangential Flow Turbine NgDg

diagram with those of conventional drag turbines, terry turbines, and

partial admission axial flow turbines.

According to the preceding relationships for the tangential

flow theory, the turbine efficiency will be a functicn of specific speed,

specific diameter, the channel cross-section geometry, the blade
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i angle, and the friction factor. Re-writing equation (46) and sub-_ _

1 «

|
stituting transpositions of equation (30) wherever possible, the

internal efficiency is written,
| e frf aeut u
adTm | 4k (—) + 4K(ﬁ 4
b G ]

ff (R o
8 K(%» 1+ 1.8tantg + 03

[]
L —_—

¢

where K is a constant of the turbine geometry, \]___M_TT: tﬂn@
m

To obtain the maximum efficiency, the differential with respect to

(u/C,), is equated to zero, yielding the cubic function,
1 Y g

(_uf +(LL 8+3((.8tomze+.3\ +<g_j .8 tan @ +.3

C; C; 6 K C. 8K*

Lt g3\ 4 ) ¢
¢4 K3 ﬁrr,:nb

i -

( 52)

which has one real root between zero and one. Each combmation of

dimensional relations rm/b, rm/m*, @ , and friction coefficient, f,

determines a value of u/Ci which can be used to find the correspond-

ing maximum efficiency in equation (51).
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The overall efficiency for the peak value of )7, is found by
{
substituting the same (u/C;) back into equation (47), after following
a similar conversion,
S KE
= T 2 z
( Z : £(|+ooes_‘%_)+L&)
| K ( ) T 10\C;

. m*b

L

(59)

+ K + ,IStang; +.025

The velocity parameter, u/Ci, is based on the internal adiabatic
head and does not reflect the external losses. To find the parameter
for the overall head, equivalent to the u/Ci obtained by solving equa-

tion (52), the following relationship 1s used

<) =@ /_v?‘ =

Leakage losses must finally be included by using equations (35) and

4]

(45) 1o obtain the shaft efficiency, 75. The specific diameter te rm
needed for solving the leakage ratio can be computed from the tur-

bine geometry.
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D, = __D_”_i,;_ AL & .
S v/l D

T p 55
Ds = Tm (92) (53

R

All the terms under the radical are known for the maximum effi-
ciency point of a chosen geometry. Both D, and Ny are also related

to the turbine velocity parameter (u/C,) by the expression

&) - S )

Having found Ng, Dy, u/Co, and )?s' it is possible to plot an NgDg

diagram by varying the geometry ratio’ rmZ , and blade angle @, R
m*b

©° 7" " and keeping Tomstent-the-labyrinth seal clearance ratio, h*/rm, the

channel cross section shape ratio,m*/b, and the tangential flow

friction coefficient, f. Each of these terms has its counterpart in
other types of turbines described in Reference 1. For instance the
two variables can be likened to the blade height ratio h/D, and per-

cent arc of admission for an axial flow turbine, The fixed geometry
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constants compare with the blade tip clearance, nozzle angle .

and blade density ratio a*/D. Figure 11 is an ND, diagram for
the tangential flow turbine where the fixed geometry parameters are
similar to the test machine. The peak efficiency achieved during
one of the test runs is plotted to show how well the turbine perform-
ance-correlates with the theory. Lines of constant rél /m*b, and

blade angle, , are also superim osed to signify the geometric
g p p gnuy g

parameters and how they are related to the specific speed and speci-

fic diameter.

A comparison with other turbines is shown in Figure 12.
Each curve depicts the estimated maximum efficiency for each tur-

bine type that is possible at every specific speed, providing the tur-

bine geometry is optimized at the corre sponding design point. The

tangential flow turbine shows remarkable performance capabilities in

ey

the very low spe :ific speed range, surpassing all turbine types up to

N._ = 4, where the single stage axial flow machine begins to perform

S

better. In all instances, the drag turbine based on viscous drag

theory is lower in efficiency.
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The Effects of Design Parameters
2.5.1 Blade Angle

If all the design parameters are fixed except the
blade angle @ , a family of solutions can be plotted for
equation 47. In Figure 13 a typical plot illustrates that the
highest peak efficiency occurs for a particular blade angle.
When the turbine geometry parameters are varied to obtain
an NgDg diagram, it is possible to superimpose lines of con-
stant (3 . It can be seen in Figure 11 that the highest effi-
ciencies occur for most configurations when the turbine
blade angle is about 35 degrees. Interestingly enough, Dr.
Baljé, in Reference 1, investigated many technical reports
and test histories to show that the slant of the blade be;t
suited for drag turbines seems to be 35 to 40 degrees. It
appears as though the highest rotor drag coefficients are
obtained with such rotor blades. One may infer therefore,
that the optimum blade angle analytically established in this

analysis has marked similarity with those established from

drag rotor tests.
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2,5.2 Friction

Again; by fixing all the parameters in equations
46 and 47, except the friction factor, f, a family of solu-
tions result, shown in Figure 14, that demonstrates the
significant effects of friction and turbulence in the free
channel. It is noted in paragraph 2. 3.3 that the Reynolds
Number and friction factor can be estimated from the geo-
metry (equations 40A and 40B). If, through correct design,
such low values of f could be achieved, it might result in
peak efficiencies as high as . 65. In Section 4, the value of
the friciion factor is experimentally determined to be approxi-
mately , 053. This value 1s used throughout the analysis,
even though better design might have effectively reduced f
by decreasing the mixing losses. 1f lower friction coefficients
are possible, the resulung representative N.Dg diagram
would indicate higher efficiencies and the family of efficiency
curves would shift to lower specific speeds and higher speci-

fic diameters.

2.5.3 Blade and Turning Losses

The blade and turning losses appear in the term

T
(1.8 Tan (31’ 3) found 1n the denominator of equation 46.In order
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of magnitude, the blade loss is about 1/3 to 2/3 of the

meridional turning loss, deperding on @ .. Todemon-

strate the effect of turning losses, Figure 15 was plotted

where only the meridional loss coefficient was varied. It

is seen that peak efficiencies not only increase as the loss

is reduced, but also occur at a lower u/Co. A design where
the meridional losses can be reduced would favor a channel

with a high m* /b ratio in order to provide the highest turn- '

ing radius for the channel height.

2.5.4 External Losses

The external losses due to inlet and exhaust port-
ing and disk friction are small at the u/Co values of interest
for this turbine type. Figure 16, derived from equations (36)
and (47) shows the trend for a fixed geometry using the loss
coefficients discussed in Section 2.3. Disc friction comprises
a very small part of the external losses. The effect of leak-
age on turbine efficiency becomes most pronounced for tur-
bines with high specific diameters. To maintain extremely

close clearances in the labyrinth seal and minimize this loss
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is a difficult design problem. Temperature gradients a-
round the perimeter and the non-symmetrical aspect of the

turbine geometry greatly intensify the clearance probler. »

2.5.5 Other Geometry Parameters |
The basic dimensional relations rrzn /m¥*b signifies
a size ratio of the machine disk area to the channel cross

section area. Lines of constant rél/m*b appear on the

NgDg diagram. Another important parameter is the ratio

of the meridional length over the stream tube width, m* /p.
This parameter indicates whether the meridional cross sec- ]
tion looks like a slice through a fat donut or a thin tube. | The
tube concept should favor the meridional flow by minimizing
the turhing losses. However, the higher the ratio, the greater
may be the frictional loss. Figure 17 shows the effect of vary-
ing this ratio when all the other loss coefficients and para-
meters ‘are held constant. The m*/y, for the test tu'rb'me de-
sign was actually 7.28. All the analysis for the NgDg diagram
was arbitrarily based on a value of 2T. A slight increase in
peak efficiency is apparent for the latter. There are implica-

tions that a compromise may exist which will provide an opti-
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mum m*/}, ratio for tangential flow turbines, In this re-
spect, there is a similarity between the m* /b parameter

and the relation of channel cross section and shape for

drag turbines. In References (1) and (3), O. E. Baljé des- N

cribes these geometries in terms of dimensional ratios,
and shows, after siiting much test data on many designs,
that the best drag turbine performances occur when the se

geometries are within definite bounds with respect to the

rotor configuration.

Experimental Investigation

3.1 Description of the Turbine Hardware

The turbine consisted of a basic bearing housing with an
overhung rotor. The radial impulse blades were profile machined
on the outer face of the rotor disc, and a shroud ring was then bond-
ed to the blade tips. Profile dimensions of the turbine blades are
shown in Figure 20. To minimize leakage, labyrinth seals were pro-
vided on both sides of the turbine cascade. Ridges were machined
into the face of the rotor disc and corre sponding impressions were
formed on Teflon rings that were bonded to the stator. Clearances

within the labyrinth seal were controlled by shims. The contours of
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the block seal were machined and hand finished. The coordinate di-

mensions are listed in Table 2. A photograph of the seal is also

shown in Figure 2. The stationary shroud was supported in the cen-

ter of the channel by the block seal and two posts. The exhaust duct

was fabricated to provide a smooth area transition so as to recover

as much velocity head as possible. The spaces on both sides of the
disc were connected together with a separate pressure line, This
prevented the formation of a pressure differential across the turbine

disc, and the bearing thrust loads that would have resulted.

The stator housing is split apart in Figure 3 to show the

basic components of the turbine, the part on the left side of the photo-

graph shows the channel with the block seal mounted in place. The

two center pieces complete the channel and leave a slot through which

the turbine will project when the right hand piece (the bearing housing)

is bolted on. Table I is a list of the design values for the test turbine,

3.2 Instrumentation
A schematic sketch of the turbine instrumentation is shown

in Figure 21. The flow enters through the regulator at the bottom,

passing through an orifice flowmeter to enter the turbine. Pressures

are measured around the channel wall with six pressure taps, located
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at the mean radius of the free channel, and one tap at the exhaust

port. An exhaust regulator is used to control the turbine back pres-

sure. The flow is then re-measured with a second orifice meter

before being vented to the test chamber. The difference between the

two flow measurements is an indication of external leakage past the

labyrinth seals and through the bearing housing. The meters were

built according to the ASME power code for flat plate sharp edged

! orifices. Their calibration curves compare within one percent when

corrected for Reynolds Number.
[

The turbine was directly coupled to an electric dynamometer

| capable of absorbing 9 KVA at 24,000 HP. Torque was measured

1la-

with a Wiancko force ring together with the required carrier osci

tor and demodulation equipment. Deflection of the force ring by reac-

tion of the dynamometer cradle was detected and indicated on a cali-

brated instrument ammeter. Figure 22 is a photograph of the test rig.

| Turbine speed was measured with a magnetic pickup. The

| .
device would detect the passage of two protrusions on the dynamo-

meter coupling during every revolution. A Hewlett-Packard counter,

with a range of 0 to 99, 999 cycles per second, was used to count the

number of impulses ina 1 second time interval.
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Temperatures were measured at the inlet and exhaust ducts

i with shielded copper constantan thermocoxfples. The temperature
readings were indicated on a2 Brown Instrument 40 point Indicator with
automatic compensation for the cold junction. The entire test machine
was insulated with glass wool to minimize the external heat losses.
Table 3 lists the type of instrumentation used, and, where applicable,

the name of the manufacturer, range of calibration, and probable

; accuracy.

3.3 Test Procedures

There were .. total of 206 recorded test points. For each
test point the inlet and exhaust pressures were set by the regulator
valves to produce the desired pressure ratio. The dynamometer load
was then adjusted to set the desired speed. The turbine was run for
several minutes until both the inlet and exhaust temperatures stabi-
lized. Then all the pressures, temperatures, torque and speed were

[ recorded on the log sheet,

b Pressure ratios from 1.05:1 to 3:1 were investigated. From g
three to seven speeds were set at each pressure ratio and data was

: recorded. The upper speed was limited to 7500 rpm for fear the blade

$§ UNDSTRAND T U RBO

DIVISION OF SUMCSTRAND CORPORATION




S/TD No, 1735 130 January 1960
! | ' Page 57

{ shroud would fly off due to centrifugal forces. At high pressure
i ratios, low speed tests were not possible because the electric dyna-

mometer was unable to absorb sufficient power,

3.4 The Turbine Laboratory ) ,
Because of the increased turbo-machinery research activity
undertaken by Sundstrand Turbo during 1958, the need for a compre-
hensive turbine research laboratory became apparent., The labora-
- tory was completed in early 1959 and subsequently used for this pro- i
l- gram's turbine test activities. The laboratory consists of a test cell

partitioned into two rooms by a plywood wall filled with sand, Each

room contains a turbine test stand, sources of high pressure nitrogen
and dry air, and convenient manifolds for conncciing pressure and
temperature instrumentation. These test cells are shown in Figure
23, At present the 9 KVA, 24,000 rpm dynamometer is being used
exclusively for torque measurement. Another torque transducer
capable of 100,000 rpm and both power loading and motoring capa-
I bilities is presently being developed by the company.

All instrumentation readout is indicated or recorded re-
motely in the control room. The instrument console is shown in

Figure 24. It contains pressure gauges, a frequency counter for
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determining speed, an indicating potentiometer with 40 channels,
an ammeter for reading the signal from the dynamometer torque
transducer, controls for varying the dynamometer load, and Grove
regulating valves for controlling the inlet and exhaust pressures,
Not shown is a bank of eight 60 inch mercury monometers capable

of withstanding pressures as high as 400 psig,.

The turbine laboratory test cells are provided with 2800
psi nitrogen and 1200 psi air sources, capable of 1 1/2 pounds per
second flowrate, and dry saturated steam at 180 psi.'gauge. High
vacuum capability for tests with low turbine exhaust pressures is
provided by a duct leading to the Sundstrand Turbo altitude test
facility located 160 feet across the test are;. It is therefore possi-
ble to test turbines with ex haust Pressures equivalent to more than

100, 000 feet of altitude.

Discussion of Test Results

4,1 Pressure Distribution i

The pressure gradient through the vaneless channel was
measured during each test us ing static wall taps located at the same
radius as rp;.  Typical results for four tests are shown in Figure 9,

Three of the curves represent the stall, low speed, and high speed
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1‘ gradients that occurred for a pressure ratio of 1. 3:1 and the fourth
shows the gradient for a 2:1 pressure ratio at a moderate speed, 4

The fourth curve begins to deviate from a linear gradient, thus im-

{ plying the beginning of compressibility effects.

There is a significant flattening of the gradient as u/Co is
T3 varied; the steepest gradient exists at stall, and for the high u/Cq
test, the gradient is almost flat. Several relationships derived in

1. the theory can be used to explain this trend. First.of all, the pres-

sure drop between py and p, represents the inlet nozzle loss, the
velocity head of the inlet flow, and the rotor drop for the first pass.
At stall, these heads are a minimum, as seen in equations (41) and
(24), because C _ is low and A(C, u) is zero. As u/C, is increased,
the drop becomes greater as both these values increase. Similarly,

the pressure increment between and represents the rotor head

drop (equation 24) of the last pass before the exhaust port, and the

exhaust loss (equation 42). It is also apparent that, as u/C, in-

{ X creases, the number of circulations will drop (equation 32), signify-
!
| ing a decrease in meridional flow.
ba
.
: l The dashed line in Figure 9 is a theoretical pressure grad-
b oo ient derived for the case of the intermediate curve (Test 92). The
i
1 s UNDSTRAND TUR®SBO

DIVISION Of SUNDSTRAND CORPORATION




hadi o

S/TD No. :1735 A 30 January 1960

Page 60

test total pressure head and torque are taken for the analysis which
utilizes the loss coefficients and equations of section 2, and assumes
an éverage flow density. It can be seen that the theoretical gradient
does compare reasonably with the experimental results in that the

slopes are almost identical

4,2 Torque Coefficient

A useful dimensionless parameter for the interpretation of

turbine performance is called the torque coefficient, T . Itis defined

as |

where T is the torque, D is the mean rotor diameter, (vo is the mass
flow rate, and Co is the theoretical spouting velocity for the adiabatic
head. Introducing the power and efficiency relationships, it is seen

that ¢ may also be defined
o S A
u/
2(c)
where 70 is the turbine efficiency (neglecting leakage). By substi-

tuting the dimensional and flow relations of the tangential flow turbjfine

(51, 53, and 54) it is possible to find L as a function of the theoretical
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values of the analys.is. The se computations were performed for a
turbine with the same dimensions and blade angle as the test turbine,
and the estimated loss c’oefficients described in Section 2. 3 with one
exception. The friction factor for computing the tangential flow losses
was varied from .013 to . 053, The resulting torque coefficients are
shown as a function of (u/Co) in Figure 18. Superimposed are the
data for test runs at three different pressure ratios. The test
efficiencies are determined from measurements of the torque and the
adiabatic head, and are corrected for leakage effects using equation
(35). 1t is found that the test data torque coefficients coincide best
with the theory when the friction coefficient is about . 053, This value
is used throughout the rest of the analysis to determine the optimum
performance of many geometric configurations and compute the NgDg
diagram in Figure 1l.. In reality it may be a very conservative value,
Mixing losses in the vaneless channels of future turbine hardware

might be reduced if inlet nozzles can be designed with pressure grad-

ients that better match the flow mechanism.

" -

4,3 Efficiency
Using the friction factor f = . 053 determined by plotting test

data against the theoretical torque coefficients in Figure 18, a curve
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of predicted efficiency was computed and drawn in Figure 19, The
actual test data is also shcwz;‘(aigain carrected for the effect of leak-
age). It is seen th%t there is good correlation, Unfortunately test
data was not obtainable at very low u/Co speeds or near runaway
because of test rig iimitations. At low speeds, the turbine generated
more power than the ¢lectric dynamometer was capable of absorbing.
At high speeds the blade shroud ring bonded to the rotor blade tips

would separate loose and jam the machine.

4.4 Flow Pattern

During one test at 1. 5:1 pressure ratio and at 5,000 rpm, a
mixture of JP-4 fuel and lubricating oil was squirted into the inlet to
wet the interior surfaces. After stopping the turbine, the injector
tube was cleaned, dried, and filled with five grams of powde red gra-
phite. The same operating point was then repeated, and the graphite

was injected. The speed fell off to 4,500 rpm, but all other condi-

tions remained stable. Pictures of the flow pattern that re sulted are

shown in Figures 5 and 7. The existence of three circulations is
evident, and a region of turbulence between the first and second pass

can be seen. Figure 6 shows a .chematic drawing of the flow pattern

entering and leaving the rotor, 2as measured and interpreted from the

graphite deposits.
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The meridional variation in-C is very evident. The di-

rection of C actually reverses when leaving the rotor cascade. Also

t
evident-is the increase in peripheral arc for each succeeding circula-

tion, due to an apparent increase in Cuavg or decrease in C_ . This
may be attributable to a decrease in gas density as the flow moves
peripherally through the constant area channel. (Unfortunately it
was not possible to record the channel pressure gradient during the
test.) The location of the turbulent areas suggests that better match-

ing of the inlet nozzle contours, and the nozzle position with respect

to the block seal walls might reduce the friction factor and improve

the overall turbine performance.

Leakage

External leakage through the bearings was compuited from the
flow measurements made at the inlet and exhaust during each test.
A typical plot is shown in Figure 10. In the test procedure the leakage
head through the bearings was approximately four atmospheres, Thus

the internal leakage which normally would flow across the turbine disk

and escape through the exhaust port is negligible. Assuming that the

flow is choked across each groove of the labyrinth seal permits an

empirical model of the leakage mechanism to be postulated, and curves
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for both the compressible and incompressible case are shown. It
is apparent that neither matches the test data. However, in the
range of u/Co for maximum efficiency, there is littledifference

" between the leakage curve based on the compressible flow assump-
tion and the test data. Since the N D diagram represents the peak
efficiency points for all designs, it seems reasonable therefore to
approximate the leakage with equation (45). The difference in slope
may be attributed to the possibility that all three grooves in the
labyrinth seal are not choked, and the term fn in the denometer of
equation (45) becomes less. Furthermore, the D¢ approximation
(equation 55) does not reflect the actual Dy variation as a function of
u/c:o which is higher at high u/C_ values. This is because the
volume fiow at the exhaust actually increases with speed due to an

increase in overall mass flow and a decrease in flow density.

5. Conclusions

The turbine constructed in accordance with the tangential flow theory
proposed by D. H. Silvern performs as the theory predicated, providing
reasonable approximations are made for the internal and external loss co-
efficients, and external leakage. The most significant of these is the friction

factor which reflects both the tangential flow friction and the turbulence or
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mixing of the flow between circulations. Tests also show that the peripheral

pressure gradient and helical flow pattern both exist as predicted.

In compatison with axial flow, terry and drag turbines, the tangential
flow turbine is superior to all in performance at low specific speeds. For
instance, at Ng = 1, turbine efficiencies as high as 45 to 50 percent may be

possible, as compared to about 35 percent for axial flow partial admission

configurations.

Certain optimum design features are evident as a result of the analysis

and tests. A blade angle of 35 degrees is preferrable to obtain peak efficiency

over a wide range of specific speeds. This may be compared to the conclu-
sions drawn from drag turbine experiments, where rotor blades at 35 to 40
degrees against the direction of flow produce the highest rotor drag coeffi-

cients, and hence better drag turbine performance. Another design feature

inferred by the analysis as capable of optimization is the ratio m* /b,

It is also concluded that the several assumptions of flow symmetry,
equa! inlet and exit blade angles, constant peripheral pressure gradient, and
incompressible fluid, introduced in order to simplify the analysis, are proven

valid by the turbine performance, despite the fact that the test hardware had
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radiz! inflow blades without equal angles, and the fluid was compressible,

There are indications that compressibility effects do not begin to influence

the flow mechanism and turbine performance until pressure ratios of 2:1

are reached,

6. Recommendations

Several problem areas remain to be solved before the full potential

utility of the Silvern tangential flow turbine can be realized.

An extended analytical and experimental investigation should be con-
ducted to determine the solution of the flow equations with compressibility
included, and the hardware concept which results, the pertinent design fea-

tures necessary to minimize friction and turbulence in the vaneless channel,

and the application of axial flow designs in preference to radial inflow designs.

This program should include construction and testing of a high pressure ratio
(20:1) turbine operating at a very low specific speed (Ng = 1.0), or some

similar design point with potential military or industrial use.

The tangential flow theory should be applied to other types of turbo

machinery, such as hydraulic pumps, and low specific speed gas compressors.

Hardware should be built to validate the analysis with successful test data.
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l
: 1 ' A characteristic feature of the tangential flow turbine is the low

within the blades, This suggests that the turbine is

J relative velocity

ideally suited for application in Rankine Cycles, where condensation occurs

during the turbine expansion. Most conventional turbine types experience

blade erosion and a decay in performance because of the impinging vapor

droplets. In the Silvern turbine, the erosion is minimized or non-existant’

because the impinging droplets striking the blade leading edges do not have

sufficient energy to erode the surface material Condensate which does

form will he centrifuged to the outer radius of the vaneless channel by the

I peripheral velocity component, where it can be drained away through the

channel wall, The reduction in flow specific volume as the condensate is

e e e

formed will, to some extent, compensate for the compressibility effects and

permit the turbine to operate efficiently at higher pressure ratios. The

feasibility of such applications should certainly be investigated.
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TABLE 1 , | |

DESIGN VALUES FOR THE TEST MACHINE

Symbol

Blade Chord C . 247 inches
Blade height b . 282 inches [
Blade inlet angle /g 35°
Inlet flow angle X 22°
Inlet nozzle arc a 2.0 inches
Exhaust nozzle arc 2.7 inches
Mean radius of cascade T 2.75 inches
Mean meridional length ¥ 2,05 inches |
Design speed N 3570 rpm '
Design (u/c) . 156
Number of blades 100
Blade pitch (5.712 dia) . 179 inches
Inlet nozzie area . 325 8q, in.
Exhaust port area . 630 8q. in,
Design pressure ratio 1.2:1
P 2 Jmtt : 13,06
m¥* b 7.27
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TABLE 3
LIST OF TEST INSTRUMENTATION
SYMBOL | INSTRUMENT SOURCE RANGE ACCURACY
Dp, Flow meter ASME Power
. 568 Orifice x . 775 pipe Barton Inst. Test Code
"Ap Gage Barton Inst. |0 # 25 psi . 5% full scale
.5 psi grad.
Ary Flow meter Daniel
% 1.000 Orifice x 2. 101 Orifice ASME Power
pipe Test Code
Manometer Meriam
Inst. 0-100"H,0O
Py Inlet Orifice Gage Norden
Ketay 0-200 psi 1% F.S.
Py Gages Acragage 0-160 psi 1% F.S.
through 0-100 psi
Pjo 0-60 psi
P Exhaust Orifice Manometer Trimount 0-60 in, Hg
T Thermocouples - total -100 to ¢
copper constantan 500°F
Potentiometer -Indicating Brown Inst. -200 to ¢
40 point 200°F .25%
Torque Force Ring Wiancko Eng.| # 20 lbs 0.5%
Carrier Oscillator Wiancko Eng.
Demodulator Wiancko Eng.
Ammeter Simpson 0-100 in.
lbs- 170 F- s.
RPM Magnetic Pickup 2 pulses/
rev.
Electronic Counter Hewlett 0-999999
Packard cps 0.1%
S UNDGSTRAND TURGBO

DIVISION OF SUNDSTRAND CORPORATION
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FIGURE 5. PHOTO OF FLOW PATTERN ENTERING AND LEAVING ROTCR
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_____ CARBON BLACK DEPOSITS
8 SHOWING PA TTERN OF
FLOW LEAVING ROTOR

PHOTO SHOWING PATTERN DURING RECIRCULATION

|




Page 79

! —— THEORETICAL PRESSURE GRADIENT FOR
INFINITE CASCADE AND NEGLIGIBLE ARC
OF ADMISSION

== GRADIENT WITH FINITE ARC OF ADMISSION

«=  PROBABLE GRADIENT AFTER MIXING
BETWEEN CIRCULATIONS

FINITE ARC
OF
ADMISSION

FIGURE 8.
PRESSURE DISTRIBUTION IN VANELESS CHANNEL ACCORDING
TO TANGENTIAL FLOW CONSIDERATIONS
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PERIPHERAL ANGLE ¢, DEGREES

| FIGURE 9
~ PRESSURE DISTRIBUTION IN VANELESS
CHANNEL ACCORDING TO TEST RESULTS
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FIGURE 16
EFFECT OF EXTERNAL LOSSES

ON TURBINE EFFICIENCY
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FIGURE 17
EFFECT OF CHANNEL GEOMETRY
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FIGURE 18

TORQUE COEFFICIENT FOR DIFFERENT
FRICTION FACTORS
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TOTAL
TEST PRESSURE
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7. THEORETICAL
Tm/m*s 1.34
m/b = 7.28

f = 0.053

FIGURE 19
TURBINE PERFORMANCE

COMPARISON OF THEORY WITH TEST DATA




FIGURE 20
TANGENTIAL FLOW TURBINE
BLADE DESIGN
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| TURBINE INSTRUMENTATION SCHEMATIC
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FIGURE 24

TEST INSTRUMENTATION AND CONTROL CONSOLE
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