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Chapter 1. Introduction

The precise understanding of the dynamic flow characteristics in hydraulic control elements
is essential for the rational design of hydraulic control systems. The orifice is a fundamental
component of a fluid flow system and certain valves can be adequately represented by an
orifice. The objective of this thesis is to investigate the transient flow through a pipe orifice
and a spool valve via a numerical analysis and make a simplified mathematical model
describing the dynamic flow characterristics. - The thesis focuses on the variation of time-
dependent flow field. The characteristic time constants for the transient state have been

studied.

Chapter 2. Numerical Procedure for Incompressible Transient Flow

This Chapter gives the governing equations and numerical procedure for the incompressible
transient flow. The discretized representations of the fundamental equations in an
equidistant rectangular staggered grid system are obtained through the control volume method.

They are solved by an iterative algorithm similar to the SIMPLER method due to Patankar.



The convective terms are discretized by the reformulated QUICK scheme which assures the
phySical consistency of the numerical solution and greatly improves the numerical stability.

For discretizing the time derivative terms, two-time-level implicit scheme is employed.

Chapter 3. Transient Pipe Oriffice Flow Starting from a Stationary State

This chapter performs time-dependent calculation from the initial stationary state under a
suddenly imposed pressure gradient. The geometry is described by the axisymmetric
cylindrical coordinate system (r,z) with the corresponding velocity components (u, w). A
square edged orifice of the thickness hwas set at the location z along the pipe of the length L,
In the calculation a radius of the orifice is fixed to 0.2 and pressure difference between the
upstream and downstream boundaries is suddenly changed. The computation was performed
on the CRAY Y,”MP 8 in the Institute of Fluid Science, Tohoku University.

Variation of the stream lines was plotted using the computational results. At first, the
flow field is symmetric about the orifice, showing no separation [ Fig. 1 (@) ]. As the time
passes, the recirculating region appears behind the orifice plate [ Fig. 1 (b) ], and it grows
to reach the steady state [ Fig. 1 (c)]. The variations of the flow rate ¢ and the distance of
reattachment point zs normalized with its steady value are plotted in Fig. 2. the present
numerical analysis has revealed that the transient pipe orifice flow has shown two distinct
characteristic time constants. The settling time of the flow rate mainly agrees well with the
characteristic time commonly used in the analysis of the simplified transient flow model,
but the complete settling of the flow field is established through the second characteristic
time, which is almost ten times larger than the first one for the present condition. The small
variation of the flow rate also accompanies the variation of flow pattern. A special attention

should be made in the precise measurement of unsteady flow using the orifice meter.

Chapter 4. Transient Pipe Oriffice Flow from an Initial Steady Flow

This chapter treats the transient flow starting from an initial steady flow [ Fig. 1 (c) ] and
discusses the effects of the initial recirculating flow and the stretched contraction flow region.
Calculation was performed for three cases, where the pressure difference was doubled (Case
1), reduced to zero (Case 2) or changed in the opposite direction (Case 3 ).Effect of the
recirculating flow and stretched contraction. flow region on the dynamic behavior is
investigated. Numerical results for Cases 1-3 has revealed that the increase (decrease) in
flow rate results in increase (decrease) in stream surface atea A;, while the mean velocity of
the contraction wi, remains constant. From the computational results, the variation of the
strsamline near the contraction was obtained in the transient state (Fig. 3 ). These results

confirm the variation of the cross sectional area of the converged flow reduces inertial effect



of the converged flow region. In Fig., 4 variation of the flow rate is compared among the
numerical result and two simplified mathematical models based on the Bernoulli equation.
The model considering the reduced inertial effect shows better agreement with the numerical

result than ordinary model.

Chapter 5. Transient Flow Through a Spool Valve

This chapter discusses the transient flow through a spool valve. The dynamic flow
characteristics is investigated in relation to the former results on the pipe orifice flow. The
steady computation was first made for a variety of pressure difference Ap. For a pressure
difference Ap less than a certain value Ap}, the steady flow solution with a jet angle & =90°
is obtained. For a pressure difference /\p larger than that critical value, the steady solutions
with jet angles 8=90° and @=69° are obtained depending on the initial condition. These
two distinct flow solutions have a different flow rate g discharge coefficients c.. For Ap=
160000 (Ap> Ap}), two distinct stream lines are plotted in Figs. 5 (a) and (b). The plot of
the steady-state axial flow-force F versus the pressure difference A\pis shown in Fig. 6. The
flow force for solutions with & =69° and 90° are almost identical. The time-dependent
calculations were then made with the initial stationary condition in cases when pressure
difference Apis suddenly increased form 0 to 32000 (Ap << Ap}) and 160000 (Ap > App),
respectively. The numerical analysis has revealed that variation of the flow pattern is more
complicated than the former pipe orifice flow and the time response of flow rate has an
overshoot for larger pressure difference Ap. However the time response of the flow rate is
approximated in the same formulation as the pipe orifice flow using an exponential function

with two distinct characteristic time constants 7. and 7..

Chapter 6 . Conclusions

This chapter presents the study conclusions,



1.0

‘o Hn 0.2 Ne | ln  0.000500 1maze 18073 ngve10 (1.0 EE
o0 gz = s % 4. =0.5 ég
(o) ® = o-oom 08’530 45 50 55
R e — s () Case 0 ( t=o00 g =2007)

(b) t = 0.03

fie 0.2 N~ 1 L= 999.000000 3maze 20.6729 _ndive10 {1.0)

0% 546 45 50 55
00 45 ey 5 ] 170 8.0 (b) Case 1 (¢ = 0.002 q = 25.36)

(c) steady state

Fig.l1 Streamlines for time dependent calculation. -0.5

0.0%5—"80 85 90 95

z
— T —— T (c) Case 3 (£ =0002 g4 = 846)
ol q/q;s — Fig. 3 Comparison of stream lines near
- T . the orifice.
j L P J .
= 'l ¢ T ~ 1
N L q 2‘/- - 1.6 T 7 T M
5 oo0s “Zail Zo;
o © ’,/ ay “ais -~
= 7 J E e
. o
A Y /e
:':" b 1.4 =
14 ] 1 ] <
B T Y R T R oI5 g ——— Computational result 3
t Theoretical model
i o L2ff —— 1, = 00032 E
Fig2 Variation of the flow rate g/g, and the N
- e T o= 0.0072
distance of reattachment point z,/z,;. 3
(the subscript s represents the steady ([ SO Lussiiiis Lot Locusss S rTE——
0 Q.01 0.02 [V1R] 0.04 .08
value, Ap = 32000) ‘

Fig. 4 Variation of flow rate.



Hew 0.2 Ne | tw §$9.000000 tmar= 3157384 ndive10 (0.5)

we 0.2 M= 1 te SPF.000000 rmexw  568.2307 ndv=1C (0.8)

LE ]

S0

30

0

0.0

Fig.5(2) Streamline for steady solution. Fig.5(b) Streamline for steady solution.
(Ap = 160000, 6 = 90" ) (Op = 160000, 6 = 69" )
6x10° | I R S S S B T
i —— 0 = .
sl e 6= N

Force

2x10° — / , _

4

0 (AN S N T SO [
0 1x10° 2x10° 3x10°
AP

|
4x10°

Fig.6 Relation vetween the steady-state axial flow force F

and pressure difference Ap.



®E E HE R o B F

HIFE ¥ X 7 & OFE LI R > THERE ORI U Ttk & 0 SRR cofEiciT 25
BNYEESH, Bk L LTEF LI N TE ~EROTS S L /- & F W LHESE
EhTV5,

FAFEIL, HEBSENOEFRICAVOLNTVWEELT VT4 RERT—AVROX =5 Y v I F Y
7 4 AZEB T AIEEEFRERERTC L > THO ML, ZoEBoBBsEEE FVEIRR
L, ZMEEHERITICE > THERE LD TH 5,

BIRZFRTHO, BEOWAZEHL, HROFRLBENEDRTVS,

BR2ETI, FEELAY 7+ AMELD T 2ERSERNEES, ChE2Z0MLL THERTT 3
B OFEFERICOVTIEN, &5, BHRMIHEFEIC>VWTERTVS,

BIETE, PRIt Y 74 REFTHEMENICHE LT AREDO L « TREZ AT v 7HREE
(LS R IBAOHRNOIEER BEEZHERT LT, ZOHNEHNEL LT 2 >ONEMICKES
haT&ExRLis

FBAETE, FECHAEERBBCA T v "RENELEEAT, IET 558, BaE L T
L& 358, BECHRYRE € IHE0 SEHOFETEBELRERNT LT, Th s OBk
BETIERH L 2B ERIcE L LTEREh B LERL, &0iT, Z20EEEEE Y 7 1+ RFEH
BMOBHIC X D FMANTRRL > B EETR LT,

BOETR, AT—=NVRDA—5 Y V7Y 7 4 ADBNERERFT LT, vA / VIKOE
VERTRE—RE T 2 EOERREENS S &, Hb 2 oFhIc IWEERHH B 2 LER
L, EEHBRETR—FDOEERD SMANAA v F Vv I 2REEPSPHICTEHE, ZOED
HFOFEREETIAHETH - emEH o hIc L, B0 e F VEBET 5 7o) OEBN%D
REBTVE,

EOERFERTH 5o

PLEET 2 A, HERBNO—ERTHE4 ) 7+ AOEEFBEEZHERTLT, £
DEMFEZEIH S P LI DT, FFHIHEORBICTHET 5L IHHDIELRN,

LT, B EEL (T%) OZEERXE LTERERD 5,



