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Abstract

Hydraulic hose and line failures in the field caaseextreme hazard to operators, work crews, amértliironment

This happens more than is reported on a daily begidraulic line breaks are a good reason for ticesiased fluid r@acemer
bills of nearly all industrial and mobile hydrauéquipments. Sadly, we can fairly say up to noerdlhas been no costesdtive
solution introduced to the industry to resolve trazard effectively until now. Inigpaper, a patent pending device is prop
as a realistic and feasible solution to offer petiten when catastrophic accidental line breaks ncEe device consist a
modified spool design, found in velocity fuses wathoptimized dynamic surgaamber. A mathematical model to describs
valve's dynamic response has been developed. Tdtlsematical model has been used to assure théifitasif the idea by
simulating the valve's response over a wide rafigeodking pressures. The agreembatween the simulation results and
prototype lab experiments validates the mathesabthodel. Results are presented and discussatiisNis pending patent, t
article focuses on the feasibility of the idea, tradve diagrams are simplified andnse critical data are omitted for 1
protection of the owner.
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1 Introduction

Hydraulic line breaks, while the hydraulic po
supply is running can cause serious harm to thehime rounding environment.
operators, environment and damage equipment as well If the operator does not shut off the engine oimgen
Several incidents have been reported by Hazard In- in time, the pump will continue to vent quiping fluid out

still pumping fluid through ruptured hose and the s

formation Bulletin (1977) and Ryan (1984) indic:
number of deaths and plants shutdown due to foilants
Investigations show that the origins of theseidents wer
due to high pressure hydraulic line breaks.

Currently hydraulic velocity fuses are used in
systems as load lock devices. Brezonick (2000)
Hitchcox (2007) have introduced in their articldse
importance of using such velocity fuses for therhyic
load safety. As shown in Fig.l, for example, wt
individual cylinders experience catastrophic loadlufe
due to hose rupture, load will freely fall for a men
causing accelerated flow through the velocity ftisa!
shuts off and locks the cylinder in place prevenfiee fal
of the load.

Despite limiting the hazard by locking the vertitzdd
the drawback is that the hydraulic power unit is

This manuscript was received on 16 January 2008asdaccepted aft
revision for publication on 27 June 2008

of the system urltthe reservoir is empty or cavitation of
pump. In many cases, the operator is the one igetaan:
cannot shut off the equipment after being exposethit
hazard.
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Velocity fuse to protect subsystt
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This continuation of system pumping fluid result
expensive repair costs for equipment, increaséditiafor
injury and environmental damage along with polgsi
fines. Hose ruptures spray the heated fluid intaoapher
and environment which mayeserely bum workers,
causing jerk reactions leading to greater harm aokers
attempting to get out of the way.

Fig. 2: Smart valve to protect thefull syste

Current velocity fuses, commercially used for hofgi
vertical loads in case of line rupture, are notrafmre
capable of protecting the full system if located te
downstream side of the pump.

During normal operation, occasional surges occal
have prematurely caused current velocity fusehitd df
the flow. Therefore premature shut off of the fldwring
normal operation surges makes current fuses urei$ai
protecting the entire system from catagtric hose or lin
failure.

A great need has thus existed for a reliable, ssadet)
shut of valve that can withstand system surges wit
prematurely shutting off the supply pressurizedtfliviost
importantly while handling surges, it has to beeabl shi
off supply pressure during a catastrophic line krea

The newly developed safety valve is such an itiven
patent pending, to protect the full operationatifaylic
system, and subystems where work is being perforn
This article will use the generic name "safety e
hereafter.

First and foremost, this safety valve is able tstidi
guish between hydraulic line ruptures and normarap
tional surges (regardless if using variable or &ixelume
pumps) even when a tandem center directionatrabn
valve is selected.

This safety valve eliminatethe need for expensi
electronic feedback, flow, and pressure devices,idig¢
the natural physics of fluid pressure and flow eloar-
istics. Thereby being much more cost efficient.

2 Safety Valve Operation& Construction

As shown in Fig. 2, the safety valve can be pl

downstream of hydraulic power supply line (Pump} im

mediately after system relief valve, well before thp-
erational control valves for subsystems.

During normal operation when the directional vi
shifted to different positions, what makes the safe

valve handle the surges is through the optimizadmdine
back pressure and valve chamber size.

As shown in Fig. 3, the safety valve has a housipgp
and spring device that closes when flow ratelecatec
As we have mentioned earlier, the challenge ofvtiiee is
to distinguish between actual hydraulic line ruptamnc
normal working conditions.

The smart part of the valve is an optimized s
chamber added to the valve. The mission of tteemtier i
to disorientate fluid flow which then acts as adinkela
mechanism regulating the valve shutting off.

Optimized chamber volume and internal constru
stops fuse from shutting off until unsafe conditsuth as
ruptured line occur. Not uihta ruptured line occurs dc
this chamber quickly reduce the differential pras
allowing the spool to instantly shut off fluid flowigures
to 8 show the following; respectively:

Sleeve Critical Dimensions
Spool Critical Dimensions

Spring Critical Dimension
Assembly Drawing, Fully Opened
Assembly Drawing, Fully Closed
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Fig. 8:Assembly Drawing, Fully Close

3 Safety Valve Mathematical Model

Developing mathematical model requires Kkitagim
study followed by a dynamic study. Figure 9 shdue the
spool travels a maximum displacementx between th
fully opened to the fully closed position in thespive
direction shown in the figure. Based on the spodisleev
dimensions, at the fully closed ptish, the face of tr
spool advances to the inlet of the surge chamioéstanc:
Lspse The following four equations are used to find
value of smax and Lgps geometrically in terms of oth
known dimensions.

0 <=8 <=S__ (1
Spax = Loy + Lsp4 - L, (2)
Lsp4 = (DSL2 'Dsp3)/2 3)

Assuming that the spool face is chamfered on 45
degree, as shown in Fig. 10, then

Dgpy = Dgpy - 2L, “)

Sinax

LSP’I

Lsua Lgg —=

Fig. 9:Safety valve spool displaceme

In the following section, force balance equatiofi e
developed, Figure 11 shows the spool in an intdiate
state between the fully opened and fully closedtjpos.
Neglecting the flow forces, in this situation tepool i
balanced under the effect of pressure forces
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and spring forces.

§'= —[RA4-PA4-PA-KS-kS] )
Sp

S = Is”dt (6

S = Is’dt (M

Viscous friction force exists only during the sptrave
from any current position to a new balancedgifpon. The
following equations dscribe the dynamics of the sg
during its travel between two balanced positions.

450

—)

i

LSPZ
Fig. 10:Valve spoc-sleeve geometrical relatior
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Fig. 11:Safety valve spoolforce balan

As shown in Fig.ll, the areA is the spool prectec
area that is affected by the pressure at ttstre@m side «
the spool. The areA, is the spool projected area that i
affected by the pressure at the detweam side of the spc
in the spring chamber. The aré® is the spool fac
projected area when the spool is advancing in ket D
the surge chamber. Whever the spool face does
advance to the inlet of the surge chamber, the Asaa
considered zero because the spool face is sttt b
the pressure of the spring chamber.

The areadll is the fixed effective area at thestyean
side of the spool, it is calculated by Eq. 8. Thead, the
effective area at the downstream side of the speot
variable value based on the spool position relativéhe
sleeve and is calculated by Eqg. 9. Before the spexz
reaches the inlet of the surge chamber, Bothind A, are
equal sinceA; is cansidered zero at that time. Once
spool advances to the inlet of the surge chambherated,
decreases by the value Af affected now by the sur
chamber pressure and it can be calculated by Eq. 10
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V4
4 = Z(Dszpl - 4DSZP5) ®)
A=A A, ©)
if S<=(S,,. -Lypy) then 4, = 0
e (10)
, 2
if 8> (S - Lspy) then 4; = ZD3
Sma){
S

LSPZ
Fig. 12:Safety valve spool force balan

As shown in Fig. 12, the value B is the instantaeou:
diameter of the spool chamfering at the inlet o gurg
volume. The value db; is calculated by Eq. 11 and it vai
from a minimum value dDsp3 to a maximum value dbg, 5.

Ds = Dsps +2[S-(SmaxLsp)] (11)

Figure 13 shows the safety valve located in a roéttie
circuit. The circuit consists of a pump, dischagga constai
flow rate Qp equal 20 Umin. A relief valve is usegbarallel tc
the pump supply line and adjusted at 250 bar.

Fig. 13:Safety valve in the syste

If the relief valve is not cracked, the flow paggthroug!
the safety valve Qsv will be equal the pump sufloiw rate
Qp. If the relief valve is cracked, flow rate QRMllwpas!
through it based on a static chaeaistic of the valve. The flo
rate Qsv enters the spring chamber in the safdtye\aeev
via four holes in the spool that are representedohy fixec
orifices. The spring chamber is connected with uege
chamber with fixed and variable orifices; one of rthés
consicered at a time. Before the spool face enters et @f
the spring chamber, the variable orifice is consdefully
closed. Once the spool face enters the inlet oftinge volume
the fixed orifice is considered fully closed.

The surge chamber is connected in line with thectiona
valve with a fixed orifice that represents the eudf the surg
chamber. Two variable throttles are used, onertuilsite th:
external load and the other to apply back pressuitee eturr
line. Five pressure values are monitor@l, is the pum
pressurep, is the pressure of the spring chamiy,is the
pressure of the surge chambét, is the load pressu
including the pressure drop across the directivalzie and th
tank line pressuresP

The following assumptions are considered for the par
of the valve modeling to reduce the complexityhtef tnodel:

Leakage from the upstream side of the spool tahiag
chamber is negligible

Oil compressibility considered only in the surgaciber
All the orifices are considered as sharp-edgedt St
following very well known equation will be useddescribe
the nonlinear relation between the differentialsgtee across

any sharp-edgeshort orifice and the flow rate passing thro
it.

0=c 4 [P2P

f
Since the fluid specific gravity is the ratio beemefluid

density and water density, then Eq. 12 can beitten to us
the commonly used constants as follows

2AP
=C. A== (13)
g=C, ‘/SG~pW

Equation 13 can be used to find the differential
pressure in terms of the flow rate as follows.

2
SG-p, -Q (14)
C:A
By applying Eq. 14 on the tank line throttle, ne-

glecting the flow resistance in the hydraulic line be-
tween the throttle and the tank, pressure Ps is

SG-p, Qi (15)

Ci Ay,

Fluid flow through the tank line throttle equals the
safety valve flow Qgy if a hydraulic motor is used. If a
differential area cylinder is used, the cylinder area ratio
must be considered in calculating the return flow.

The tank line throttling area is a simple variable cir-
cular area function of the throttle diameter as follows.

A, =zD; 14 (16)

The pressure P, is the cumulative load pressure and
is calculated as follows.

B =B +ARy + By an

AP:

P5=

WhereL1Py, is the pressure drop across the directional vahee is the
pressure equivalent to the external load.

Applying the continuity equation on the surge chamb
results in the pressuR as follows.

(18)




Medhat K. Bahr Khalil and Donald M Lop

PCR Pl PCO

Fig. 15:Relief valve linear static characterist

4 Safety Valve Performance Simulation

Matlab-Simulink model has been developed base
the previously developed mathematical model gavrun:
were made to simulate the valve performance, uthires
different operating pressures. Simulation results
operating pressure 100 bar are pn¢se in Fig. 16 and Fi
17. For operating pressure 135 bar, results asepted il
Fig. 18 and Fig. 19. For opeirag pressure 175 bar, resi
are presented in Fig. 20 and Fig. 21.

Each simulation run started with the assumptionttie
pump is offand turned on at the time zero, while
directional valve connects the pump to the loadttte.
Simulation results show that the safety valve spsolllate
for about one second before reich a steady sta
balanced position at about 75 % of ittusation limit. This
balanced position is the result of two balanceddey on
being the differential pressure drives the spodldse an
the other is the spring force drives the spool per
Figures 17, 19 and 21 show how the safety valvarizak
position is indpendent of the operating pressure
depends on the flow passing through it, with camsté 2¢
Lrnin. Figures 16, 18 and 20 show that, the safatye i<
kept open allowing for the pump flow to feed theteyn
regardless of the operating pressure.

From the steady state loading condition, at timéhé
pump is unloaded by switching the directional velyehe
neutral tandem center. Figures 16, 18 and 20 shatthe
safety valve remains open and was smart enoui
understand thahts is a normal unloading operation. -
pump and load pressures are reduced to littleboive the
return line pressure. The valvenrains open with son
spool oscillation before it terns to same previous stei
state condition. From the steady statdoading conditior
the pump is loaded again at time 6 by switching
directional valve from the neutral to a loaded dtiad.
Simulation results show that the valve remains opet
performed similar to the first stage of the simiolat

From the teady state loading condition, at time 9,
rupture was simulated by reducing the load guwes
suddenly to the atmospheric pressure; and the ifiothie
return line becomes zero. In this condition, a sutgw is
developed at the upstream side ofghtety valve spool th
drives it to reach its saturation limit and shufstloe pumy
flow supply line. Accorthgly, pump pressure increase:
the relief valve set-

ting value of 250 bar. Same trend of results ae@ @ Fig
16, Fig. 18 and Fig. 20.

Simulation results assure the feasibility of théety
valve function. In the following section, the modis
further validated based on laboratory testing.
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5 Experimental Test and Validation

As shown in Fig. 22, a test hydraulic circuit was d
signed based on the mathematical model in Fig. 13.

The physical test circuit required the same wor
condtions or 20 L'min flow and 250 bar pressure r
setting. As shown in Fig. 23, the pump is supplyfiogs to
the upstream side of safety valve and was measwea
flow meter.

Pump flow continues through the safety valve ta
reservoir through the malem position of the directior
valve. As shown in the figure 23, data logger wseduwitt
a set of three pressure sensors recording pumpyrezh
load pressur@, and tank line pressuf;

Two needle valves were implemented, one adwarre
line throttle and the other to simulate external loac
manual ball Valve is implemented to simulate a timgture
when the pump is under loading conditions.

P4(F pump) PalPiosdl
‘ E Ball Valve
@__ LO-CO Valve | T bd__:L

. PP X

1 Load

“ ]\w Throttle

Y Return Line
Throttle
L ]

Fig. 22:Test hydraulic circuit

Fig. 23:Test setup and experimental measuren

The test stand has been used to test the feagsifilihe
safety valve prototype. In some circumstances imroded
test, it was not necessary for a return line thepts th
internal resistance of return érwas already optimized 1
this operation. The current test data were takeanwthe
tank line pressure?, was adjusted at 14 bar. Us
manually controlled sensitive needle valves oridhd line
and the tank line made it easy to set the loadspresThe
following load presures were tested, 117 bar, 150 bar
175 bar.

The following test protocol was also repeated t
times at the aforementioned load pressures. Putapnisc
on while the directional valve solenoid is agized tc
connet the pump delivery line to the load throttle. ®rloe
steady state was achieved, the diemal valve solenoid
de-energized to unload the pump through the direct
valve tandem center. The
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collected results using the data logger have beesepte:
in Fig. 24, 30 and 36. Results show that the safatye
performed smartly and it was kept open as in nopuaif
unloading conditions. The surge chamber and theltae
pressure were optimized to achieve this situatPumg
and load pressureseathen reduced to approximately t
line pressure value.

The following test protocol was repeated three sia
the aforementioned load pressures. Pump is tumedde
the directional valve solenoid is egi&ed to connect tt
pump delivery line tdhe load throttle. After spool react
steady state and safety valve is open, the shutabie is
opened suddenly to simulate line rupture. Whe
demonstrated in the fowing paragraphs is how t
Matlab simulation predicted accurately how the piyyte
would work. The actual hydraulic test circuit digs§ that
validating each other.

The collected results using the data logger haes
presented in Fig. 27, 33 and 39. Results showthieatafet
valve performed smartly and it shuts the pumpsapply
line when there is a line rupture condition. Pumgspur:
reaches the relief valve setting value, 250 barad
pressures and tank pressure reduced to the phmeds
value since the flow becomes zero.

In order to validate the mathematical model, tha-Ma

lab-Simulink model was used to simulation the safetya
response to the same pressure change and timid@iooe
at which the physical test ran. Figures 25 andHzfvsthe
simulation results with the pump normally unloaded
load pressure adjusted at 117 bar.

Similarly, Fig. 31 and 34 when the load pressure ad

justed at 150 bar and Fig. 37 and 40 when thepoassur
adjusted at 175 bar. Figures 26 and 29 show thelziet
safety valve spool position when the pump norn
unloaded andFig. 29 in the case of line ruptu
respectively, when the load pressure adjusted athht
Similarly, Fig. 32 and 35 when the load pressufastdd a
150 bar and Fig. 38 and 41 when the load pressijustac
at 175 bar.

The very good agreement be@n the simulation ai
test results fairly validates the model and cordirthe
feasibility of the idea. Test results show the efffef the
relief valve dynamics as a pressure overshootimignghe
safety valve shutting off the pump oil supply i
Simulation results did not show that because it carsi
only the relief valve static characteristics.

6 Conclusion

Catastrophic High Pressure Fluid Exposure by hod
line failures represent an extreme hazard to
environment, work crews and the equipment. Ptaraa
spool closure is why current velocity fuse cannetuse:
within normal operating systems, especially whes
system is using a tandem or open centetrobmalve. Thi:
hazard can now be eliminated using safety valvaghvis
patent pending. Safety valve flmmed smartly and sh
off the pump oil supply line in case of line ruguiThe
valve is able to distinguish between normal p
unloading condition and line rupture. The smartradshe
valve is achieved by op-

timizing the ntegrated surge chamber volume wit
corresponding tank line pressure. In some cistamce
hydraulic back pressure in the return line is aly
available such as provided in pressurized xeses fol

example. The chamber acts as a delay mechanmm a

maintains the differential pressure that acts ajaspoc
until the differential pressure and volume is degdedue t
catastrophic rupture before allowing spool to cloBeis
paper documents the study to confirm the feasjbilftthe
safety valve idea. A mathematical model has b
developed using MatlaBimulink software. The develop
model was utized in simulating the valve response
various presure change conditions in a typical hydrs
circuit. The fruitful benefit of developing suahodel i
offering a flexible tool to optimize the valve des
parameer for future tests and different circuits or gyss
The agreement between the simulation results angribr
totype test results validate the model and confihe
feasibility of he safety valve operating principle, over
most typical commercially working pressure ranggtifel
work is going on to optimize design parametersajéty
valve with various sizes.
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Fig. 32:Simulated spool position when switch fresad= 150 bai
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Fig. 41:Simulated spool position when switch fresad= 175 bal
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