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Abstract: In this report, the dynamic characteristics of the 48-inch water
tunnel drive pump are determined using the theory of unsteady flow around a
two~dimensional cascade of airfoils developed by Ohashi [1]. This analysis
assumes that the axial surge velocity is uniform across the face of the
impeller.

It is found that the magnitude plot of the dynamic characteristics is similar
to that of a simple control lag element whereas the phase plot looks quite
different. The solidity of the rotor in the present analysis need not be
large as assumed in previous investigations.

Acknowledgment: This work was performed as part of the E/F Project 6171
entitled, "Experimental and Analytical Study of Nonsteady Forces on Super-
cavitating Hydrofoils."”
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Nomenclature
C Coupling function, Eq. (2)
F Gauss's hypergeometric function, Eq. (3)
H Dynamic transfer function
H Normalized dynamic transfer function
NR Number of blades on rotor
Va Steady axial velocity
0
Qo Steady volume flow rate through the pump
i -1
2 f Frequency of fluctuations, Hz
¢
- n Rotational speed of turbopump
t Time
u Velocity of the rotor cascade
ApR Unsteady pressure rise through the rotor
Aps Unsteady pressure rise through the stator
AVa Amplitude of axial velocity fluctuations
o] Density of the liquid
AR Stagger angle of rotor
% Solidity of rotor = chord of blade/spacing of blades
wo Reduced frequency = f cos AR/NR én
v Frequency of fluctuations, radians/sec
¢ Flow coefficient = Va /n
0
r Gamma function

ARG iy oL
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Introduction

Nonsteady cavity flow tests conducted in a closed circuit water tunnel
are thought to induce pressure surges in the tunnel circuit thus invalidating
the test results [2]. There has been sufficient interest generated [2,4,5] to
warrant understanding and analyzing the water tunnel circuit as a dynamic
system. Indeed, although many investigators have observed and mentioned the
existence of pressure surges in closed circuit water tunnels [2,4,5], there
appears to be no systematic study that has been performed to understand the
possible existence of pressure surges and to quantify the surge phenomenon (if
it exists) so a correction procedure can be adopted for nonsteady cavity flow
test data obtained from closed circuit water tunnel tests.

The components of the water tunnel circuit that affect the dynamic
behavior of the tunnel circuit have been identified [3] as:

(1) Unsteady cavity motion in the test section.
(i1i) Phase shift in the unsteady disturbance due to the
tunnel circuit. |

(1ii) The dynamic characteristics of the tunnel drive pump.

(iv) The pressure control loop involving the differential
pressure transducer at the test section, the pressure
regulating tank and the controllers.

In this memorandum, the dynamic characteristics of the 48-inch water
tunnel drive pump are determined using the theory of unsteady flow around a
two—dimensional, linear cascade of airfoils developed by Ohashi [l1]. The
results obtained show some interesting features that could be important

in the dynamic analysis of the water tunnel circuit.

S
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Description of the Tunnel Drive Pump

The axial flow pump of the 48-inch water tunnel at the Garfield Thomas
Water Tunnel consists of a four bladed impeller 95 inches in diameter with
flow straightening vanes ahead of and behind the impeller. The impeller is
driven by a variable speed motor. The speed can be varied contiuauously from 0
to 180 rpm. The blades of the impeller may be adjusted over approximately 28

degrees [6]. The solidity of the impeller is about 1l.0.

Analysis

The relationship between the pressure rise across the pump and the flow
rate is indicated by the characteristic curve of the pump. This
characteristic curve is valid only when the pump operates in the steady state
condition, that is, with a constant flow rate., When the flow rate fluctuates,
the pressure rise will not respond fast enough to follow along the steady
state characteristic curve.

The dynamic characteristics describe a relation between the fluctuating
volume flow rate at the inlet to the pump and the fluctuating pressure rise
across the pump, as a function of the frequency of fluctuations. Both
amplitude and phase relations have to be obtained for a meaningful use of
the dynamic characteristics.

It is assumed that [1]

(1) The flow is a two—dimensional cascade flow for each blade
element and it is inviscid, incompressible and non-
cavitating.

(11) The angular momentum of the inlet flow into the rotor

is steady.

(11i) The unsteadiness is periodic.

b



B AEE Loe i uh boan i n i Al

-5- 26 August 1985
KR:1lhz

(iv) The increase of velocity head at the outlet edge of the
rotor is converted into pressure rise in the following
stator or diffuser without any time delay.

The unsteady pressure rise through the rotor and stator is given by

(1],

+ - -
ApR ApS Ay tan AR[I exp( ﬂOR)] eivt -
p a 1 + in Clw ) ’

7R

where

Ap Unsteady pressure rise through the rotor

Ap Unsteady pressure rise through the stator

©
n

Density of the liquid

=4
[]

Velocity of the rotor cascade

[~
<
[]

Amplitude of axial velocity fluctuations

A = Stagger angle of rotor

o_ = Solidity of rotor = chord of blade/spacing of blades
w_ = Reduced frequency = f cos AR/NR ¢ n

f = Frequency of fluctuations, Hz

v = 2nf = Frequency of fluctuations, radians/sec

t = time
i = -1
n = Rotational speed of turbopump

N = Number of blades on rotor

¢ = Flow coefficient = Va /n
0
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Va = Steady axial velocity .
0

And C(wR,oR) the coupling function given by [1] is

r(l + iw) 7 I(iw,) ,
i R R 1 1
Clwg,0,) =~—[ 7 ———-1] + ——[F(~ 5, duy; 5 + iw, ;
R’"R 1 1 2 R> 2 R
“r I(5 + iug) I(5 + twg)
exp (- ZNOR)) -1] , (2)

where ' = Gamma function and F(a,b,c,z) is the Gauss's hypergeometric function
given by
@ (a)n(b)
F(a,b,c,z) ) 2", c# 0,-1,~2,... . (3)
(c)_n!
n=0
where
_TI'(a +n)
(@), = =1 (4)
_I'(b +n)
(b)n T T(b) )
_TI(c +n)
The dimensionless form of unsteady pressure rise is given by
h ) bp, + Aps _ - 2 tan AR[I - exp(- ch)] 40 eivt 7
1 1
R+S 1/2pu2 1+ fug C[mR,oR) Q

ﬁ,(u 13

i Ea s dha M~ ‘1
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where

AQ0

%

Amplitude of unsteady volume flow rate through the pump

Steady volume flow rate through the pump

The dynamic transfer function H(w) is therefore given by

R+S

h (t) - 2 tan AR[l - exp(— an)]
- i (8)
(aQ(t)/Q,) 1+ iwg Clug,0p) ¢ >

H(w) =

where AQ(t) = AQoeivt. When there are no fluctuations in volume flow rate,

the quasil steady limit is given by

AQ
0
(hR+S) = - 2 tan AR(l - exp(- ncR))a—— ¢ exp(ivt) . (9)
qs 0
We may now form the ratio,
h
= R+S 1
H(w) = = . . (10)
(hR+S) 1+ iwg C(wR,oR)

qS

Evaluation of the coupling function C(wg,oR) requires the use of Gamma

function with complex argument. A series expansion [7] given by

r(z) = e-zzz_1/2(2n)1/2[1 + 1;2 P— 5 - 139 > - 571 -
288z  51840z° 2488320z
163879 - 5246819 . 534703531 N o

209018880z 75246796800z 902961561600z

is made use of in evaluating the hypergeometric function F.
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Results and Discussion

The ratio in Eq. (10) which does not contain the simplifications of
Ref. [1] is evaluated using the series expansion for T'(z). The result is
plotted as a function of frequency wp in Fig. l. The amplitude plot, viz.,
20 log(h/hqs) is flat up to the break frequency and then falls off at
approximately 3 dB per octave. Up to about the break frequency, the relation
between the flow rate and pressure rise can be expressed by the usual steady
state characteristic curve. On the other hand, at frequencies above wg = 70,
the fluctuation of pressure rise is negligible even though the flow rate
fluctuates periodically. An observation of the magnitude plot reveals that it
is similar in shape to that of a first order control lag element (of the form
K/(ts + 1)) with a break frequency at wgp = 0.7. However, the phase plot of
the dynamic characteristics (Fig. 1) is quite different from that of a first
order system. The phase angle (between the flow fluctuation and pressure rise
fluctuation) decreases as the frequency increases until the break frequency;
then it increases and reaches an asymptotic value of zero for large
frequencies.

In the proposed transient analysis of the water tunnel circuit, various
components of the circuit that influence the flow dynamics are modeled as
point elements. As noted in the present Introduction, the transfer function
for each element is then utilized in writing the boundary conditions for that
element. Since the dynamic characteristics of the tunnel drive pump are

available from the present analysis, the pump can be fully represented in such

a transient analysis.




A

'y
hiN

VN

o]

g ¥ 0
RS

4.

5.

-9- 26 August 1985
KR:1hz

References
Ohashi, H., "Analytical and Experimental Study of Dynamic Characteristics
of Turbopumps,” NASA TN D-4298 (April 1968).
Parkin, B. R., Private Communication (March 1976).

Parkin, B. R., Private Communication (1976).

Wu, Yao-Tsu, "Cavity and Wake Flows,” Annual Review of Fluid Mechanics
4:276 (1972).

Acosta, A, J. and R. K. Delong, "Experimental Investigation of Nonsteady
Forces on Hydrofoils Oscillating in Heave,"” Proceedings of the IUTAM
Symposium held in Leningrad, p. 101 (1971).

Lehman, A. F., "The Garfield Thomas Water Tunnel,"” ORL Report No.
NOrd 16597-56 (September 1959).

National Bureau of Standards, U.S. Department of Comrmerce, Table of
Gamma Functions for Complex Arguments, NBS Applied Mathematics Series,
Vol. 34, U.S. Dept. of Commerce, Washington, DC (1954).

-S,P }‘V-S ?“..'.. -'r "o ‘..'. ,‘.‘r\,. ..:J(\:‘:‘\\-‘) .“.‘ .




*dung 8AYig T3uUun] yosul-g4% 30 SITISTAIIOvABY) DTweudq 1 2in3i4g

d

TV T TEC YT WO -

AININOIYS AI0NAIY =10
001 1] 0°1 1°0 10°0
- 0-rrrTVTT—T LRI N B B LB T [T T
® ae)
mcm unm Gl- 0¢-
<< WU
oy M
~ N UNV
2 O.Hl B @._Hl s
- Z
o
8 =
6 I -
m
& a
d. (o v/
0} 8- 4
S
)
- u._
O |1=
ISYHd —--- { @
JANLINOVN ——— 10
11200 3 1 1 Lot s e a0 1 _...... _A. 1 I TR 1 v
R S S T eI o R 2 S o i W 2 e




oY W ba- ias Sct) —‘-n-m‘vv~u-.-.]

DISTRIBUTION LIST FOR UNCLASSIFIED TECHNICAL MEMORANDUM 85-149,

by K. Ravindra, dated 26 August 1985

Defense Technical Information
Center

5010 Duke Street

Cameron Station

Alexandria, VA 22314

(Copies 1 through 6)

Commander
David W. Taylor Naval Ship
Research & Development Ctr.
Department of the Navy
Bethesda, MD 20084
Attn: J. H. McCarthy

Code 1540
(Copy No. 7)

Commander
David W. Taylor Naval Ship
Research & Development Ctr.
Department of the Navy
Bethesda, MD 20084
Attn: R. S. Rothblum

Code 1503
(Copy No. 8)

Commander
Naval Sea Systems Command
Department of the Navy
Washington, DC 20362
Attn: T. E. Peirce

Code NSEA 63R-31
(Copy No. 9) ’

Commander

Naval Sea Systems Command

Department of the Navy

Washington, DC 20362

Attn: A. R. Paladino
Code NSEA 55N

(Copy No. 10)

Dr. J. Kerwin

Department of Ocean Engineering
Massachusetts Institute of Technology
77 Massachusetts Avenue

Cambridge, MA 02139

(Copy No. 11)

Mr. K. Ravindra
Dowling College
Oakdale, Long Island
New York 11769
(Copies 12 & 13)

Director

Applied Research Laboratory

The Pennsylvania State University
Post Office Box 30

State College, PA 16804

Attn: R. E. Henderson

(Copy No. 14)

Director

Applied Research Laboratory

The Pennsylvania State University
Post Office Box 30

State College, PA 16804

Attn: B. R. Parkin

(Copy No. 15)

Director
Applied Research Laboratory
The Pennsylvania State University

~Post Office Box 30

State College, PA 16804

"Attn: D. E. Thompson

(Copy No. 16)

Director

Applied Research Laboratory

The Pennsylvania State University
Post Office Box 30

State College, PA 16804

Attn: GIWT Files

(Copy No. 17)

Director

Applied Research Laboratory

The Pennsylvania State University
Post Office Box 30

State College, PA 16804

Attn: ARL/PSU Library

(Copy No. 18)




T T I T e ey ey




