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The use of 3A1-2.SV titanium cold worked stress relieved tubing is
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100,000 cycle endurance test et 100% deflection of the coils. There were
no failures. A vibration survey was made to determine natural frequencies
and transmissibility with a random input vibration spectrum.
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PREFACE

From the Lightweight Hydraulic System program it was determined
that system reliability would be improved if flexible plumbing such as
extension units and swivels which contain elastomeric seals were
replaced. It was recognized that coiled tubing was a desirable
replacement but there were limitations with use of ARP 584 design
information. A choice of mean coil diameters is not offered; the
material recommended is CRES with a high torsional modulus, and the
minimum tube diameter is 1/4 inch. Perhaps the most severe handicap is
that the configurations analyzed are most applicable to limited angle
rotary motion with no provisions for linear motion which occurs with
moving barrel power control actuators.

From these needs, the goals of this program were established as
follows: (1) to develop new configurations which were adaptable to
installation envelope, (2) to develop design equations which allowed
choice of coil diameter and tube diameter, (3) to determine the
feasibility of the designs in tests.

These goals have been met. The helical and tri-coil
configurations presented in this report will work on moving barrel
actuators which have either linear or limited angle motion about a pivot
point.

This report describes the analysis and testing conducted on the
two new configurations. Technology for the design and fabrication of
coiled tubes has been extended by inclusion of sma ller tube diameters,
choice of coil diameters, high strength, low modulus titanium alloy tube
materials and recommendations for tube wall thickness in applications up
to 8000 psig operating pressure. Derivation of the design equations was
based in part on work disclosed in report WADC TR55-121 (1955).

The program was sponsored by Naval Air Systems Command and
administered by the Naval Air Development Center, with Mr. Douglas
Bagwell, Project Engineer (30211).

Mr. K. E. Whitfill, Vought Corporation was principal
investigator. The final report was written by Mr. Olsen. Appreciation
is expressed to J. A. Bird, W. L. Breaux. W. V. Brewer, G. K. Fling and
other personnel who participated in this effort.
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1. INTRODUCTION

For many years the only devices available to transmit hydraulic
power across moving joints were hose, swivels, extension units, and
combinations of these devices. While great strides in reliability and
compactness have been made in these devices, there remained a need for a
device that had no moving joints, required no elastomeric seals, was
compact, and low in weight. In 1955 and 1957 significant work was done
to define the stress analysis and design criteria for straight tubing
loaded in torsion and coiled tubing loaded in bending. The tubing
material was corrosion resistant steel. Many successful plumbing
installations have been based upon these efforts and other pioneering
work condu-ted in the eerly 1g40's.

The Lightweight Hydraulic System program determined that system
reliability would be improved if extension units and swivels, both
containing elastomeric seals, were replaced. The extension units provide
a flexible fluid connector for moving barrel actuators with linear
motion. Swivels provide a flexible fluid connector for moving barrel
actuators with motion about a pivot. The coiled tube configurations
available from the 1955 work and documented in ARP 584 are applicable
only to motion about a pivot. The material is 18-8 CRES steel which has
a relatively high torsional modulus. Only a single coil diameter is I
recommended for each tube size. The minimnum tube size considered was
1/4-inch.

This program extends coiled tube technology by introduction of new
configurations useable with linear or pivotal motion, use of 3/16-inch
diaieter tube, recommendations for three titanium alloy tube materials,
and design equations allowing choice of coil mean diameter. Also, safe
tube wall thickness is recommended for system pressure up to 8000 psig.

See Figure 1 for identification of the basic configurations
analyzed in this report.

~~~~...... :.........""-''-.,-w ,.
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End fitting terminations
are variable

Motion

0

Helical Configuration

Equal or unequal \ /
straight lengths
allowed

Tri-Coil Configuration

Figure 1.Helical and Tri-Coil Configurations
Evaluated in the Program
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2. MATERIAL SELECTION RATIONALE

2.1 Rationale for the Helical Configuration. The selection of
materials for coiled tubing is controlled by parameters that will
maximize reliability and minimize weight. Reliability is maximized in a
mechanical system when stress is minimized. This is accomplished by
using material that will deflect with a minimum of stress. In a coiled
tubing spring the load is carried by torsional shear stress and the
Modulus of Rigidity, "G", is the material parameter that controls this
stress. Weight is minimized in a hydraulic system when the tubing wall
thickness is minimized. This is accomplished by using a high strength,
light weight material. The ultimate tensile strength, Ftu, is the
parameter that measures this strength.

To maximize reliability and minimize weight we want to minimize G
and maximize Ftu. The material that has the highest ratio of Ftu/G is
the material that accomplishes this and is the one that is the most
desirable for use in a coiled tubing spring.

2.2 Rationale for the Tri-Coil Configuration. For the tri-coil
design the load is carried as a bending stress. Again, a material is
desired that will deflect with a minimum of stress. The material
parameter that controls bending stress is "E", the modulus of
elasticity. Weight in a hydraulic systern is reduced when the tubing wall
thickness is minimized. This is accomplished by using a high strength,
light weight material. The ultimate tensile strength Ftu is the
material parameter that limits this strength.

To maximize reliability and minimize weight of the tri-coil
design, "E" should be a minimum and Ftu should be a maximum. The
material that has the highest ratio of Ftu/E is the most desirable for
use in the tri-coil configuration.

2.3 Material Properties. Table I shows the material properties for
a number of metals successfully used in hydraulic systems. The ratio
Ftu/G is shown at the right of the table. Note that the three titanium
alloys selected for this program show irom 3:1 to 2:1 improvement in the
ratio Ftu/G when compared to CRES 321 (1/8 H) x or CRES 304 (1/8 H).

Table 2 gives the recommended wall thickness for three titanium
tube alloys for the helical and the tri-coil configuration.

For the helical configuration the allowable tensile stress was as
follows:

Ti 6A1-4V 65000 psi
Ti 3AI-2.5V CWSR 62500
Ti 3Al-2.5V Annealed 45000

These values represent the maximum allowable when all stresses are
considered using the distortion energy theory of failure and a fatigue
requirement of 100,000 cycles of full stroke reversed stress.

- 11-
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For the tri-coil configuration t:: allowable tensile stress was as
follows:

Ti 6A1-4V 92,300
Ti 3AI-2.5V CWSR 88,750
Ti 3A1-2.5V Annealed 63,900

These values represent the maximum allowable when all stresses are
considered using the distortion energy theory of failure and a fatigue
requirement of 100,000 cycles full stroke non-reversing stress.

- 12 -
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3. HELICAL CONFIGURATION STRE'SS ANALYSIS

3.1 Definition of Stress. The helical configuration (helical coil
spring) had three different applied stresses; 1, the torsional stress
caused by mechanical deflection; 2, the ovalization stress caused by the
slightly flattened tube trying to regain a round cross section under
pressure and; 3, the stress caused by pressurizing a curved tube. The
torsional stress was determined by modifying the basic spring equation.
The ovalization stress and pressurized curved tube stress were determined
by using the techniques given in Reference 1. The stresses obtained from
these methods were combined into an equivalent stress using the
Distortion Energy Theory of Failure.

All symbols are defined in Appendix A.

3.2 Derivation of Stress Equations

The equation for torsional stress, Sxz, for a helical spring
made from tubing was derived as follows:

TX
Sxz = -

where:
do

d4 J ( d )/32, T= F x Dm2

F Dm  d 04 4

SXz 2 x7-( -d )/2

See Figure 2 for location of stresses determined by equations 1, 2, and 3.

8 FDm d ()
= 4 4

v(do - d)

The torsional stress on the inside (Dm-do) of the coil is:

8FD d

xz (do ) d i
0 1

where:

4c1 (2)
Ki 4- + .615 and c m

0

-15-
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The triofinal streis a the outside (Dm + do) of the coil is:

8FD md0

Sxz . . 4 x Ko
a o" d i)

where:

K 4c + 1 .615Ko 4c c ,

Since I/K i is approximately equal to Ko when c varies from c
4 to c = 50 (2.3 percent error max at c = 4) 1/Ki was used in p~ace of
Ko when the torsional stress on the outside of the tube spring was
calculated, to simplify the program.

So the torsional stress on the outside of the tube is:

8FDmdo 1 (3)
Sxz - (.4/- 4 K

d -1di)

The stroke equation for a helical spring made from tubing was
derived as follcws:

TI F Dm=- (3A) but l= Dm, T=

From Figure 2, e can also be expressed as:

2A1
a Dm

Substituting terms identified into equation 3A:

2A] FDm 32

obl - -Dm x x

2Al  16F D 2
m

Dm G(do- di)

Al 8F Dm3  (Stroke per Coil)

G0 - i

-16-
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F

x do12 --am 00-Equation (1) Stress

Equation (3) Stress
A1  Equation (2) Stress

Figure 2. Location of Torsional Stresses on Helical Configuration
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8F D3 N (Total Stroke) The spring pitch
AT AIN .' 4 '-" must be sufficient to allow this

G(d0 -d) stroke and still allow room for
clamps.

Rearranging to solve for force, F:

44

F ATG(do - dl) (Force) (4)
8 Dm N

Spec MS33611 defines the percent ovalization to be:

d0 (max) - d (min )
6(0o0) do (nominal) x 100

This equation may be rewritten in specific terms as follows:

da . db

d0

Since 5 percent ovalization is the maximum allowed, the above j
equation can be written as follows to obtain the change in diameter at
the neutral axis of the tube wall. (See Figure 3)

2(r + t12 + aa) -2(r + t/2_- ab)_

2(r + t/2)

Where:

d a = 2(r +t/2+ &a)

db = 2(r + t/2 - ab)

d = 2(r + t/2)

-- 0 2(r + t .+ &a) -2(r +t -0 1b
2(r + t)

-18 -.
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t r

Before Forming

f

bI

After Forming

Figure 3. Location of Tube Ovality Dimuensions
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Simplifying:

aa + Ab = (r + t)

The oval ization stress was calculated using the technique of
Reference 1. In Reference I the measured ovalization of a 3/8 x .020
wall tube showed that the change in max diameter to min diameter was at a
ratio of 2.3656/1 as pressure increased. (ab - 2.3656aa). This will
not be exact for the 3/16 thick wall tube, but it will be conservative.

Since Ab 2.3656 &a

3.3656 aa (0) (r + t)

aa =.297 (0)(r + t)

b .703 (W)(r + t)

t
a r + a di/2 + aa

tb =r - ab - =di/2 - &b

The quantities a and b are used to calculate the radii of
curvature.

From Reference 1, the radii of curvature of the middle surface or
the neutral axis of the tube wall, if we call these points A and B are:

b2  t
rA a +

2
a2  t

. 20.
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These equations are solved for each percent flatness that is
needed and the resulting values are inserted in the following equatiun
from Reference I to obtain the stress on the inner diameter of the wall
at points A a.d B. The geeral equation is:

IF E t (ru - r
I. fU r up-t~(5)

r" : radius at initial ovality
ru radius at final ovality after

application of pressure.

Specifically the equations for points A and B are:

ftA Et (rAu - rAP)ftA =rAp '(2r Au - t)

Et(rBu - r. )
tB rBp Au - t)

The moment in the tube wall due to elasticity (ME)is given in
Reference I as:

21
ME = MA + MB  7 7 [(ftA ) * (ftB)1

where:

I = t3/12, moment of inertia of tube wall
about the wall neutral axis.

This moment must be equal to the moment due to pressure (mp) whicl is
given by Reference 1 as:

P (b-a)(a+b+t)MP = MA + Mb Q 2

The two moments are made equal by decreasing the final percent
flatness until the two equations give equal values. This can be
accomplished graphically as shown in Reference 1 or by iteration on a
computer or programmable calculator. For this program the iteration was
perfomned until the ratio ME/Mp was greater than or equal to .95. A
more accurate number could be attained by reducing the step size of the
iteration but a small increase in accuracy would have required a large
increase in time.

-21 -
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The circumferential stress due to pressure was calculated using
the classic thick wall pressure vessel equation as follows:

2 2
xi (d d2 (stress at inner surface of tube wall) (6.)

2P d
S 2 (stress at outer surface of tube wall) (7)

The longitudinal stress due to pressure was calculated using the
formula in Reference I for longitudinal stress in a curved tube.

' ( 0 (do a 2t)(do. 0) Cos 0
1

P + - + E Adb Cos
(do/(d0- 2t) 2 2 t

L Dm + (do - t) cos o

where Adb = db(02 ) - db (01) , 2[b(0 2) - b(01 )]

The appropriate stresses for each case, as shown in Table 3, were
calculated and were combined using the Distortion Energy Theory of
Failure to reduce all the stresses to a single equivalent stress as shown
below.

SEQ (1/2 ((Sx - Sy)2 + (SY - Sz) + (Sz - SX)2

6(Sxy2 4 Syz2 + Szx)2 M 1/2 (9)

See Figure 4 for orientation of stresses used in equation 9.

The tube was checked at three locations as shown in Figure 5 to
locate the maximum stress point.

S-22 -
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I Bol

S~x S

Sx

00 Din/2

Case 2 shown

Figure 4. OrientatiOn of Stresses - HeliCal Configuration
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Caase 2

Figure 5. Location of Points Checked for Maximum
Stress on Helical Configuration
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The allowable stress in the tubing for the helical coils was set
at 65,000 psi for the Ti 6AL-4V material, 62,500 for the Ti 3A1 - 2.5V
CWSR material and 45,000 psi for the Ti 3AI-2.5V Ann material. These
stresses represented the maximum allowable for a fully reversing 100,000
cycle life with a scatter factor of 4 for fatigue.

The nomographs in Section 5 for the helical coil tube springs were
set up by repetitively solving the equations for each pressure level,
tube material, wall thickness and coil mean diameter for a one inch
stroke until th. stress was within 100 psi of the target allowable stress.

During the initial nomograph set-up it was observed that the
stresses due to pressure, and tube ovalization were independent of
stroke, and except for some minor bending stresses that were not included
in the analysis, the torsional shear stress was the parameter that would .
size the coil. Examination of Equation 9 shows that the affect of the
shear stress on the equivalent stress can be reduced by allowing the
spring to have negative shear (extension of the spring). Since each I
shear stress value is squared, the product is always positive. Since
extension springs commonly use allowable stress values that are 80
percent to 85 percent of the allowable stress values for compression 4
springs, it was decided to fix the negative value at 80 percent of the
positive value. The amount of stroke, and therefore stress, to be in
compression or tension was determined as follows:

Total Stroke = A

Compression Stroke = AC

Tension Stroke = AT

A = AC + AT

let: AT = .8 AC

therefore: A = AC + .8 AC

A 1.8 AC

A A .5556A
I A~C ° TX SS

AT A AC .4444A

The affect of the combined use of tension and compression stroke
is shown below:

A G (d - d ) (4)
F30

8Dm3 N
a 26-

V "
... .. .. A



Report No. NADc-79217-60

8F D d (3)xz 4  4 K RT
-(d 0 dj) i

Substituting Equation 4 for "Fu in Equation 3 yields

8 [A G(d - d)] 0 do

8 0 3 N V(d -d )K .

which reduces to:

A 6
xz i Dif2 NK i

Solving for N

N A G d 2
S SXz 0mK

Since G, do, , Dm2 and K. are constants for this comparison
Sic G do IS 

-M

let C d 0

ID; K.i

N AC (10)

xz

The number of coils in a helical spring is directly proportional
to the deflection for a given Sxz. As shown above, if the spring is
extended and compressed to meet the stroke requirements, it requires 44.4
percent less compressive stroke than if it is designed for compressive
stroke only. Since the stroke, A, is 44.4 percent less, Equation 10
shows that the number of coils is reduced by 44.4 percent.

- 27-
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M Flow Chart for Helical Configuration Design

Using techniques of Reference 1.

INITIALIZE WITH OVALITY, - .05

SELECT IST TUBE

CALCULATE HOOP STRESS *

FSELECT NEXT STD TUBE

15S' TRSS X F.S. ACCEPTABLE soNo'"

jYe s

CALCULATE FORCE (STARTS WITH 1 COIL)1 '
CALCULATE Sxz TORSIONAL STRESS

Yes-IS TORSIONAL STRESS ACCEPTABLE

No

CALCULATE REQD COILS

CALCULATE STROKE/COILI
CALCULATE NEW Sxz

CALCULATE NEW FORCE

A

- 28 -
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CACLTE FRXPRETFA

CALCULATE ab FOR X PERCENT FLAT

4&
CALCULATE a FOR X PERCENT FLAT

CALCULATE b FOR X PERCENT FLAT DECREASE PERCENT FLAT

I BY .01 PERCENT

Yes -HAS LAST PERCENT FLAT BEEN CALCULATED

DOES PERCENT FLAT =0 MIN ALLOWED o

Yes4

SELECT NEXT STANDARD TUBE

GO TOO

CALCULATE Mp

CALCULATE ftA

CACLT t
CALCULATE ME8

IS MElM? > .95 ~ No-

~Yes

-29-
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Helical Configuration Design Flow Chart - Continued

INITIALIZE COUNTERS

CALCULATE 4db

PRINT C1 (CASE 1)

CALCULATE Sx ON OUTSIDE WALL AND
ST IN TEMP REGISTER (SBR PROD)

SUM FtB WITH Sx IN TEMP REGISTER

STORE P = 180 IN TEMP REGISTER

CALCULATE LONG STRESS SL ARISING

FROM PRESS, PRINT SL (SBR i)
AND STORE SL IN TEMP REGISTER

RCL Sxz AND STORE IN TEMP REGISTER

RCL WAHL FACT AND MULTIPLY X Sxz IN TR

CALCULATE EQUIV STRESS FOR CASE 1
PRINT SEQ, INITIAL LOAD = 100 PERCENT (SBR EXEC)

Reduce load

t-No4-HAS EQUIV LOAD AT 2 PERCENT BEEN CALC

j Yes
INITIALIZE COUNTERS

PRINT C2 (CASE 2) Ir
RCL Sx ON INSIDE WALL AND STORE
IN TEMP REGISTER

-30 - .,

I'
. .... ____ A



Report No. NADC-79217-60

Helical Configuration Design Flow Chart - Continued

STORE p 90 IN TEMP REGISTER4
CALCULATE LONG STRESS SL ARISING
FROM PRESS. PRINT SL (SBR )
STORE SL IN TEMP REGISTER

SUM FtA WITH Sx
RCL Sz AND STORE IN TEMP REGISTER
RCL Sxz AND STORE IN TEMP REGISTER

CALCULATE EQUIV STRESS FOR CASE 2

PRINT SEQ, INITIAL LOAD = 100 PERCENT (SBR EXEC)

Reduce Load I

- Nod*-HAS EQUIV STRESS AT 2 PERCENT BEEN CALC

Yes

INITIALIZE LOAD COUNTER

PRINT C3 (CASE 3)

CALCULATE Sx ON OUTSIDE WALL AND
STORE IN TEMP REG (SBR PROD)

STORE p 0 IN TEMP REGISTER

CALCULATE LONG STRESS ARISING FROM
PRESS. PRINT SL (SBR w)

SUM FtB WITH Sx

-31-l
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Helical Configuration Design Flow Chart - Continued

RCL SI AND STORE IN TEMP REG
RCL WAHL FACT 1IX AND MULTIPLY BY Sxz IN TEMP REG

CALCULATE EQUIV STRESS FOR CASE 3

PRINT SEQ , INITIAL LOAD - 100 PERCENT (SBR EXEC)

Reduce Load

No --- HASEQUIV STRESS AT 2 PERCENT BEEN CALCIYe s
PRINT DATA (SOR PRT)

/~ D/
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4. TRI-COIL CONFIGURATION STRESS ANALYSIS

4.1 Definition of Stresses. A coil of the tri-coil spring
configuration had three different applied stresses; 1, the windup stress
caused by mechanical deflection; 2, the ovalization stress caused by the
slightly flattened tube trying to regain a round cross section under
pressure and; 3, the stress caused by pressurizing a curved tube. All
three stresses were determined by the techniques given in Reference 1.
The stresses obtained from these techniques were combined into an
equivalent stress using the Distortion Energy Theory of Failures. The
stresses were highest in the center coil for the tri-coil configuration.
The equations derived are for the stresses occurring on the outer
diameter of the center coil on the tube outer diameter. This location is
identified as point "D" on Figure 6.

4.2 Derivation of Stress Equations. First, the geometric
relationships of the tri-coil configuration were analyzed. Referring to
Figure 6 the following relationships are given.

H is obtained by iteration to give an equivalent stress which is
equal to or less than the maximum allowable tension stress for 100,OO
cycles of full stroke with a scatter factor of four.

B is a dimension which gives clearance between coils when the
tubing is in the unloaded position. In this case a clearance of .25 inch
is used, which with a mean diameter of 2.0 and tube diameter of .1875
sets B to be 2.44 inches.

= 2 arc tan (B/2H) (11)

C = H/cos (a/2) (12)

L = 2[(C/2) 2 - (Dm/2) 2]1/ 2  (13)

w = [arc cos (Dm/C)] - a/2 (14)

= 90 - (15)

Reference 2, p 138 shows the angular deflection (&) of a torsion
spring made from round wire to be:

3670MN Din where d is wire diameter and aa is
4a = Ed 4  total angular deflection of coil

For a tube this equation becomes

3670 1N Dm  (16)

E (d 4 d1 )

0

-33-
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aL/2

B/2 B/2

Outer Coil, N1

-9 -F F .
-roll---4WD

NHc ~Center Coil, N 2

D m/2I

point D

Figure 6. Dimensions Used for Tri-Coil Configuration
Stress Analysis
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or"

&a(d4 4
M ca (0 - 1 (16a)

3670 Un,

MO

Since M = F x

2Zci E(d 4 _ d 4
F =0 1 where F is force at the outer coil andU

3670 02 N1  is the number of coils in an outer coil

If r is applied at the centerline of the tube as shown in

Figure 6, the moment for the center coils is:

M = F[H-(Dm/2))

Substituting into Equation (16a) and rearranging:

liF0 D - ) - where N2 is the number of (17)

60M (H-(Um2N 2  coils in the center coil

Equation 17 becomes

(QTcI) E (d4 d 4

(O F) 0 (18)3670 Dm (HT 0 m/2) N2

As the coil is stroked through stroke A, angle a becomes OT and H
becomes HT. To get aa, angle QT and distance HT between coil
centers can be calculated from known information.

HT= [C2 _ ((B + A)/2)
2]1 (/2

arctan [(B + A)/(2 HT) ]  (20)

- 35 -
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Once the value for F was known the bending stress was calculated
using the technique in Reference I as follows:

NOTE: For calculation of x, reference one
uses the radius r to the neutral axis of the
tube wall. However, all calculations were
made using the radius (do/2) to the outside
of the tube wall which made calculated
stresses agree with stresses observed on tests
of coils with strain gages,

t X DM/2
2

(d0/12)~

6x2 - 1

6x + 5

12x 2 + 10

A12A2 + I

(d 4 0i 4 X
64"

Ky H F(b + t) (sign value is a (21)

function of position -
positive is tension
at point 00")

9A2

67+ 5

Ka FHl(b+t) (22)

The ovalization stresses and the circumferential and longitudinal stresses
were calculated in the same manner shown for the helical coil spring. The
stresses were combined using the Distortion Energy Theory of Failure to
reduce all the stresses to a single equivalent stress for point D as shown
below. Sx, Sy, Sz, Sxy, Sy(, and Szx are defined on Table 4.

SEQ = C1/2((Sx - Sy )2 + (Sy - SZ)2 + (Sz  Sx)2

+ 6 (SXy
2 + Syz2 + Szx2)]

I,2

-36 -
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4.3 Flow Chart for Tri-Coil Configuration Design

INITIAL OVALIZATION, € = .05

SELECT 1ST TUBE

CALCULATE HOOP STRESS ON I.D. -a SELECT NEXT STO TUBE

IS STRESS X F.S. ACCEPTABLE bNo

I Yes

CALCULATE HOOP STRESS ON O.D.

CALCULATE a/2 (PRINT)

CALCULATE C

CALCULATE w (PRINT)

CALCULATE E (PRINT)

CALCULATE Aa FOR 0 PERCENT FLAT

4DECREASE PERCENT FLAT
CALCULATE ab FOR 6 PERCENT FLATI

CALCULATE a FOR 0 PERCENT FLAT

CALCULATE b FOR 0 PERCENT FLAT

-HAS

H LAST PERCENT FLAT BEEN CALCULATED

Yes INo

DOES PERCENT FLAT 3 PERCENT - No

LYes
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4.3 Flow Chart for Tri-Coil Configuration Design - Continued

CALCULATE M
4p

CALCULATE ftA

44

DECREASE PERCENT FLAT

CALCULATE ME

IS _EM > 9* No

CALCULATE &db

CALCULATE N1 (PRINT)

CALCULATE N2 (PRINT)

CALCULATE QT/2

CALCULATE HT

39
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4.3 Flow Chart for Tri-Coil Configuration Design - Continued

CALCULATE a* (PRINT Aa)

CALCULATE FORCE (PRINT F)

CALCULATE 
X

CALCULATE y

CALCULATE K

CALCULATE I

CALCULATE f

CALCULATE a

CALCULATE ft

CALCULATE S1

CALCULATE SEQ (PRINT SEQ)

PRINT DATA

R/ S
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5. NOMOGRAPHS FOR COIL TUBE DESIGN

5.1 Description of Nomographs

The nomographs in this section were created to allow design of a
coiled tube installation without the need for familiarization with the
stress analysis. There is a set of nine nomographs for the helical coil
configuration and nine nomographs for the tri-coil spring configuration.
A set of nine nomographs consists of 3 graphs for each of three
materials. The three graphs are each for a different pressure. For
example, each set of nine nomographs consists of the following:

Material Pressure

Ti 3A1-2.5V Annealed 1500
3000
8000

Ti 3A1-2.5V CWSR 1500
3000
8000

Ti 6A1-4V 1500
3000
8000

The nomographs in this section for the helical coil tube springs
were set up by repetitively solving the equations for each pressure
level, tube material, wall thickness and coil mean diameter for a one
inch stroke until the stress was within 100 psi of the target allowable
stress.

The nomographs for the tri-coil tube springs were set up by
repetitively solving the equations for each pressure level, tube
material, wall thickness, coil diameter, and by leg length for a
one-inch, two-inch, and three-inch stroke, until the stress was within
100 psi of the target allowable stress.

5.2 Instructions for Use - Helical Configuration. Information
needed is: (1) total stroke of installatiun, (2) operating pressure, (3)
maximum mean coil diameter allowed by the installation, and (4) tube
material to be used.

Allowable tensile stress in the tubing for the helical coil
configuration was set at 65,000 psi for Ti 6A1-4V, 62,500 psi for Ti
3A-2.5V cold worked stress relieved (CWSR), and 45.000 psi for Ti
3A-2.5 annealed tubing. These stresses represent ,e maximum allowable
when all stresses are considered using the distortion energy theory of
failure and a fatigue requirement of 100,000 cycles fully reversed stress
with a scatter factor of 4 for fatigue.

-41-
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For example, assume that the total stroke is 3.0 inches. The
operating pressure is 8000 psig. The available installation envelope
limits mean coil diameter to 2.5 inches. The tubing material to be used
is Ti 3A1-2.SV CWSR.

(1) Find Nomograph 6 for Ti 3AI-2.5V CWSR, 8000 psig, Helical
Coil.

(2) Place a straight edge on the "+" index at the left of the
nomograph thru 2.5 inches mean coil diameter on the right
hand scale.

(3) On the intermediate scale read 1.95 active coils per inch of
compression stroke and 22 pounds per inch of compression
stroke.

(4) Compute total coils using .5556 times the total stroke as
the compression stroke.

Total Coils = (1.95)(.5556)(3) = 3.25

Use Total Coils = 3.25

NOTE: This will result in the coils being slightly
compressed in the neutral position.

(5) Maximum Force = (22 lb/in)(3 in.)(.5556) = 36.67 lb.
The maximum force should be added to the load
requirements of the actuation device.

(6) Calculate pitch (p):
p = ((.5556AT)/N) + d

= ((.5556 x 3.0)/3.?5) + .1875
= .700 in.

(7) Calculate free length (Lf):

Lf (.700)(3.25)

= 2.276 in.

where Lf is taken between tubing centerlines.

The resultant helical coil is good for 100,000 cycles of fully
reversed stress.

5.3 Instructions for Use - Triangular Coil Configuration. Infor-
mation needed is: (1) total stroke of installation, (2) operating
pressure, (3) maximum allowable centerline distance between coils, and
(4) tube material to be used.

-42-
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The allowable stress in the tubing for the triangular coil was set
at 92,300 psi for the Ti 6AL-4V material, 88,750 psi for the Ti 3AL-2.5V
CWSR material and at 63,900 for the Ti 3AL-2.5V ANN material. This
represented a 42 percent increase in allowable stress over the value used
in the helical spring and it was possible because the triangular spring
coils were used in "windup" only and had no reversing stress. These
stresses represented the maximum allowable for a nonreversing, 100,000
cycle life.

For the example assume that the total stroke is 3.8 inches. The
operating pressure is 3000 psig. Tube material is Ti 6AI-4V.

(1) Find Nomograph 17. Ti 6A-4V, 3000 psig, triangular coil.

(2) Place a straight edge on the "+" index at the left of the
nomograph thru 3.8 inches.

(3) On intermediate scales read "H" = 6.69 inches and Force
7.2 lb/inch of stroke.

(4) Compute maximum force at full deflection
Force = (7.2 lb/in)(3.8) = 27.36 lb.

(5) The detail dimension for "H" with tolerance must not be less
than 6.69 inches.

(6) Calculate B (See Figure 6):
B = Dm + do + .25

= 2.0 + .1875 + .25

= 2.4375 inches

The resultant tri-coil is good for 100,000 cycles of non-reversed
stress.

- 43 -
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NO. OF .rM 1'Z. COILS PER INCH 3.5
OF COMPRESSION STROKE

%,0i

-3.0
COIL MEAM
DIAMETER

IN~ INCHES

-2.5

2.0

POUNDS OF FORCE
PER INCH OF COMPRESSION 6.0
STROKE (REF) 1.0

i 1.5

NOTE: Compression Stroke - .5556 x
Total Stroke

MATERIAL. T13AL-2.5V ANNI
SIZE: .1875 x .020
PRESSURE: 1500 PSIG

Nomograph 1. Ti 3AI-2.5V Annealed, 1500 psig System, Helical Configuration
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NO. OF ACTIVE COILS PER
I14CII OF COMPRESSIXN STROKE 3.5

.~- 0 "3.0

COIL IM AN
r~i 2-4ETr P

Sit

%0

PT3001IS OF FORCE
PER INC OF COMP!RESSIO i.

STROKE (REF) z
L 1.5

n :: Compressioi Stroke .5556, x

Total Stroke

,IATERIAL: Tl3AL -2,SV ANN
SIZE: .175 x .0C'

PRESSURE: 300) PSIG

Nomograph 2. Ti 3A1-2.5V Annealed, 3000 psig System, Helical Configuration
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NO. OF ACTIVE cOILS PER

INCH OF COMPRESSION STRKE
3.5

-3.o

COIL MEANW
DIAMETER'J.0 IN INCHES

-2.5

'J2.0

4.0
t ¢ t

2.0

POUNDS OF FORCE I .0
PER INCH OF COMPRESSION
STROKE (REF)

1.5

NOTE: Compression Stroke .5556 x
Total Stroke

MATERIAL: TI3AL-2.5V ANN
SIZE: .1675 x .035
PRESSU'.E: 8000 PSIG

Nomograph 3. Ti 3Al-2.5V Annealed, 8000 psig System, Helical Configuration
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NO. OF ACTVE COILS PER

INCH OF COMPRESSION STROll.

COIL MEA:
DIAMETER'

IN

20g

ST ROIT. (RP)

(0 I

::O2': compression Stioke
Total Stroke

j MATERIAL. T13AL-223V Cji4spSIZE. .1875 x .020

PRnSSUPJ.: l':00 PSIG

I

Nomnograph 4. Ti 3Al2.5V CWSR5U psig System, Heical Configuration
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O. 9 ~
INCH( OF (MOpRESStc*4 TRoyt

C02, L .MA:IDA TE R

J.0 
2.0

POUNhDs ,F' FO it.,
M£R INCH OF ConpPXBSIOmSTAGE (RrF) 

.j

-aiq r,!b~jon Stroe - .5s5to x
QUtal troks

MATEPUA'". T.3AL-2..V CqSR
SZF:: .187, x .020
P SSURE 300! PSI(

Normgraph 5. Ti 3A-Z.5V CWSR,3000 psig System, Helical Configuration
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NO. OF ACTIVE COILS PERINCH OF OMPRESSICN STROKE

.3.0
COIL MEAN

DIAMETER

IN~ INC~ES

+ 710 0 2.
iI

4 2.0

POUNDS OF FORCE
PER INCHi OF COMPRESSION
STROKE .5

NOTE: Compression Stroke = .5556 x
Total Stroke

MATERIAL: T13AL-2.5V CWSR
SIZE: .1875 x .028
PRESSURE: 8000 PSIG

Nomograph 6. Ti 3Al-2.5V CWSR,8UU psig System, Helical Configuration
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3.5

NO. OF ACTIVE COILS PER INCH

OF COWRESSION STRKE

( .3.0

COIL )MEAN
A%. DIAMER

IN INc

.2.0

POtDS OF FRCE
PER INCH COMPRESSION '
STROKE (REF)

1. 5

.'OT:: Compression Stroke .5556 x
Total Stroke

Z-ATERIAL. T16AL-4V
SIZE: .1875 x .020
PRESSURE: 1500 PSIG

Nomograph 7. Ti 6AI-4V, 150 psig System, Helical Configuration
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3.5

NO. OF AC1IVE COILS PER INCH
OF COMPRESSION STROKE

3.0

COIL MEAN
DIAMETER
IN INCHIES

+ -2.5

2.0

POUNDS OF FORCE
P'ER INCHJ OF COMPRESSION

laITE: Compression Stroke .5556x
c'Ota Stroke

M1ATE1PIAL. T16AL-4V TUBING
SIZE: .1875 x .020

Noraograph 8. Ti6I4,30 sgSystem, Helical Configuration
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3.5

No. OF ALCTfIVE COILS PER IUCH

OF COMPRESSION STROM

0.9 3.0

COIL 1I6 M
DIAMETER
ZIN INC7ES

+ 2.5

40 2.0

POUNDS OF FORCE
PER INCH OF COMPRESSION . "STROKE (REF) -I5i

NOTE: Compression Stroke .5556 x

Total Stroke

*1

MATERIAL: T16AL-4V TUBING

SIZE: .1075 x .028

PRESSURE: 8000 PSIG

Nomograph 9. Ti 6AI-4V, 8000 psig System, Helical 
Configuration

• 

. !



Repovrt No. NAD)C-79217-6SO

NOTE: "H1" is defined on Figu.re 6r

1.0F

SIZE: 11375 .0

NmTErIaLh10 Ti3Al-2.5V Annealed ,10 sgSteTiClCofurin
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N4OTE: "H is d.fied on Figue 6 4.o

11H" MINIMUM

3.5

.3.

.0

---- o 2.5

I 0 STROKE

-INCHES

2.0

o0.

POUNDS OF FORCE
PER INCH OF
STROKE 1.5

t .3 . 0

1.0

MATERIAL: T13AI-2.5V Annealed
SIZE: .1875 x .025
PRESSURE: 3000 PSIG
D : 2.0 Inches
M

Nomograph 11. Ti 3AI-2.5V Annealed, 3000 psig System, Tri-Coil Configuration
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4.0

NOTE: "w" is defined on Figure 6.

"H" MINIMUM35

3.0

1..5

STROKE
~ ~0 INCHES

2.0

POUNDS OF FORCE
PER INCH OF1.
STROKE

MATERIAL: TI 3AI-2.5V Annealed
SIZE: .1875 x .035 1.0

PRESSURE: 8000 PSIG
D 2.0 INCHES
m

Nomograph 12. Ti 3A-2.5V Annealed, 8000 psig System, Tri-Coil Configuration
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NOE: "H" is defined on Figure 6. 4.0

3.5

"H" MINIMUM

6.0 -3.0

b .0 STROKE

1.0 INCHES

- + ~2.5

0.0

POUNDS OF FORCE
PER INCH OF

STROKE 1.5

J.1.0

MATERIAL: TI 3A1-2.5V CWSR
SIZE: .1875 x .020
PRESSURE: 1500 PSIG
D 2.0 INCHES
M

Nomograph 13. Ti 3A1-2.5V CWSR, 1500 psig System, Tri-Coil Configuration
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4.0

NOTE: "H" is dc jned m Figure 6.

3.5

I'H,, MINIMUM

1 .0

3.0

STROKE
6.O ', INCHES

~4. 9* 2.5

-z..0

. .0 . >  
2.0

POUNDS OF FORCE
PER INCH OF
STROKE

1.5

MATERIAL: TI 3AI-2.5V ( WSR
SIZE: .1875 x .020
PRESSURE: 3000 PSIG 1.0
D 2.0 Inches

Nomograph 14. Ti 3A1-2.5V CWSR, 3000 psig System, Tri-Coil Configuration
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,1

NOTE: "H" is defined on Fiqge 6. 4.0

1111" MINIMUM

3.5

1 .(

3.0

(6.0 STROKE

1.0 INCHES

S.0

9.0 2.5

2.0

POUNDS OF FORCE

PER INCH OF

STROKE
'-.5

MATERIAL: Ti 3AI-2.SV CWSR

SIZE: .1875 x .028 1.0
PRESSURE: 8000 PSIG
D : 2.0 INCHES

m

Nomograph 15. Ti 3Al-2.5V CWSR, 8U0U psig System, Tri-Coil Configuration
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N0= "H" is defined on Figure 6. -- ;o.

"IH"' MItNlMUH

3,5

3.0

6.0
6.0

1 1.0

j3,0

-- 2.5

ST PC KE

.0.0

F¢UNDS OF FORCE
PER INCH OF
STROKE

MATE rI AL: Ti 6AI-4V
SIZE .1875 x .020 1.)
PRESS'UE 1500 PSIG

Nomograph 16. Ti 6AI-4V, 1500 psig System, Tri-Coil Configuration
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4.o

N0T~t i defined on Figure6 6.

"H"41 MINIMUM 3.5

3.0

1( ..

STROKE
IUCHES

.2.

POUNDS OF FORCE
PER INCH OF1.
STROKE

MATERIAL. Ti 6AI-4V
SIZE: .1875 x .020 10

PRESSURE: 3000 PSIG
0: 2.0 INCHES

t~oogr.P 17 Ti6A-4V, 3000 Psig Systeml, Tri-Coil Lonfiguration
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NOM.t "H" Is defined on Figure 6.

STROKEK

'ATEPRIAL. 1AI4
S;ZE: .1875 x .028
PRESSURE; 8000 PSIG

2.0 IICHES

Nomograph 18. Ti 6A1I4V, 8000 psig System, Tri-Coil Conifiguration

-61-



purt h-

6. ARBOR DESIGN

6.1 Tube Forming Tools. Two tube forming tools were designed and
fabricated. Figure 7 shows drawing 83-00280. This is a tool for .1875
00 tubing. The minor diameter of the helix is 1.012 inches. This tool
was used to fabricate the 2.50 inch mean diameter Ti 3AI-2.5V CWSR
helical coiled tubes tested.

Figure 8 shows drawing 83-00281. This tool for .1875 diameter
tubing has a minor diameter of the helix of 1.327 inches. This results
in a 1.625 inch mean diameter helical coil for Ti 3AI-2.5V tubing.

6.2 Tool Design. The following formula was used to determine the
minor diameter of the helix for the tube forming tools. Note that the
minor diameter D is smaller than the coil ID to allow for springback
of the material after the coil is formed.

1.02 R

Da LR/(D s -R)+ . t -d do

where R = .7071 (d2 + d+)IY2

Da ARBOR DIAMETER, INCHES

FTU = ULTIMATE TENSILE STRESS ALLOWABLE, PSI

E = MODULUS OF ELASTICITY, PSI

DI  = TUBING O.D., INCHES

02 TUBING I.D., INCHES

Ds  =COIL O.D., INCHES

26
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IIj7. TEST PROGRAM

7.1 Endurance Test. A typical application of flexible plumbing
using extension units was selected as the application for endurance
tests. The A-7 aircraft roll feel isolation actuator installation was
selected as the typical application. The installation is very complex
and representative of high density flight control installation on modern
fighter aircraft. Figure 9 shows a portion of drawing 215-38020 which is
the production installation drawing for the roll feel isolation
actuator. The extension units which were replaced by coiled tubing for
this program are identified as 215-03003 Ref in zones C5 and C8 of the
drawing. This installation was duplicated as to ground points, space
available, and motion required, by the fixture shown on Figure 10. The
tubes fabricated for the test are shown on Figure 11 which is drawing
83-00283 for the helical configuration and Figure 12 which is drawing
83-00284 for the tri-coil configuration on 83-00283, -1 tube assembly in
the PC 1 pressure line; -3 tube assembly is the PC 1 return line. On
83-00284, -1 is the PC 2 pressure line and -5 is the PC 2 return line
tested.

After installation the tubes were subjected to 100,000 cycles of
+ 1.14 inches deflection. The tubes were pressurized to 3000 psi in the
pressure lines and 100 psig on the return lines throughout the test. No
failures or problems occurred.

In both the helical coil and the tri-coil design, the assemblies
tested were designed for 3000 psig in the system pressure application and
1500 psig in the system return application. The design analysis for the
3000 psig helical coil required 3.3 coils, but this number of coils would
not provide the amount of stroke required when the coils were wound with
the pitch provided by the tube forming tools that had been fabricated.
The number of coils in the 3000 psig pressure tube was increased to 6.7
coils to provide adequate stroke. The increase in the number of coils
decreased the severity of the test below the stress level desired.

The other three tube assemblies survived fatigue damage equal to 5
x 106 endurance cycles using the spectrum of specification MIL-C-5503C.

7.2 Vibration Test without Damping. The test fixture was then
placed on a vibration test table. Figure 13 shows the assembly oriented
for vibration in the vertical axis. Accelerometers were fixed to the
coils and fixture at the locations shown on Figures't4 thru 16 and
subjected to the random vibration spectrum shown on Figures 35 and 36 of
Appendix B, respectively, in the vertical axis and in the lateral axis.
The lateral axis test is shown on the shaker in Figure 17. Figure 18
shows the accelerometer location on the helical configuration for the
lateral axis test.
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A plot of the transmissibility of the accelerometer on the tubing
to the input accelerometer was obtained. This data is shown on Figure
37, Appendix B which shows a transmittal in the vertical axis of 400 at
80 Hz and 55 at 560 Hz for the helical tube. For the tri-coil
configuration, Figure 38, Appendix B shows a transmittance of 100 to 150
from 20 Hz to 60 Hz in the vertical axis. Another peak of 100 occurs at
600 Hz. The peak at 1700 Hz is not considered important because of the
very low amplitude at this frequency.

The lateral axis vibration test was conducted. Figure 39,

Appendix B shows the amplitude ratio of the output to input for the
helical configuration. A peak of 800 occurs at 40 Hz and another peak of
190 at 200 Hz. Figure 24 shows a peak of 1000 at 40 Hz for the tri-coil
configuration and a peak of 20 at 300 Hz.

Table 5 summarizes the results of all vibration tests.
i
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7.3 Vibration Tests with Damping

7.3.1 Damped Vibration Test No. 1. As shown on Figure 15 the helical
coil was configured with damping method B (Figure 22). The tri-coil
configuration was damped with a simple flexible tie between the center
coil of one tube assembly and one leg of the other tube assembly as shown
on Figure 14. The tie consisted of a length of Tygon tubing which fit
exactly between the tube assemblies with a wire bundle tie looped around
the tube assemblies and passed through the Tygon tube.

The assembly was subjected to the random vibration input shown on
Figure 41 and 42 in Appendix B, respectively for the vertical and lateral
axes. The records of transmissibility are shown on Figures 43 and 44 of
Appendix B for the vertical axis and Figures 45 and 46 of Appendix B for
the lateral axis.

7.3.2 Damped Vibration Test No. 2. The helical coil was fitted with
Damping Method A (Figure 21) for the second damped vibration test and is
shown on Figure 19. The tri-coil configuration was fitted with a
triangular sheet of polyurethane which was secured between the two
tri-coil assemblies as shown on Figure 20. In practice this method could
probably be reduced to a foam "sandwich" occupying only the ininediate
space between coils as shown on Figure 25.

The assembly was subjected to the random vibration input shown on
Figures 47 and 48 of Appendix 8, respectively for the vertical and
lateral axes. The records of transmissibility from 20 to 2000 Hz are
shown on Figures 49 and 50 of Appendix B for the vertical axis and
Figures 51 and 52 of Appendix B for the lateral axis.

7.3.3 Results of Damped Vibration Tests for Helical Configuration.
Damping Method B worked well in the vertical axis across the frequency
range. Neither method produced a dramatic attenuation in the lateral
axis. Damping Method A did work the best of the two methods. Method B
would have performed better with more interference between the helical
coils and the Tygon tubing. Both methods changed the frequency at which
maximum transmissibility occurred in the lateral axis.

7.3.4 Results of Damped Vibration Tests for Tri-coil Configuration.
The simple tie between tubes worked well on Damping Test No. 1 in the
vertical axis and made a significant reduction in the 40 Hz
transmissibility in the lateral axis. On Damped Test No. 2, the foam
Usandwichi" appears to have lowered the frequencies at which maximum
transmissibility occurred in the lateral axis.
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Figure 19. Damping Method A on Helical Configuration -

Damped Vibration Test No. 2
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Figure 20. Damping Method E on Tri-oci I Configuration
Damped Vibration Test No
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8. DAMPING STUDY

The damping study resulted in several concepts which should be
effective. Some of the concepts could bJ tried immediately, others would
require some experimentation and development before being tested, and
evaluated in a future program.

8.1 Damping Method A, Low Density Foam Sheet; Figure 21. This
method uses a sheet of low density plastic foam such as latex or
polyurethane which is inserted between the inner and outer coils.
Damping is achieved by interface to relative motion between coils. The
negative aspects of this method are wear of the damping foam due to
friction with the coils when the coils are compressed or extended, and
loss of properties if the foam has a tendancy to absorb hydraulic fluid.

8.2 Damping Method B, Spiral Plastic Tube Damper; Figure 22. By
utilizing a flexible tube which is spiraled between the outer and inner
coils, damping may be achieved. The flexible tube is "Tygon" tubing or
equivalent. This method requires that the damping tubing be available in
diameters which will fit easily between the outer and inner coils. This
method is easily incorporated.

8.3 Damping Method C, Low Density Foam Encapsulation; Figure 23.
This concept uses silicone foam elastomer, which is a pourable liquid,
prior to curing. After curing, the material is capable of extending and
retracting with the coil tubes. Some development and experimenation with
possible foams is required for this concept.

8.4 Damping Method D, Selective Clamping of Outer Coils to Inner
Coils; Figure 24. Some of the inner and outer coils can be clamped to
each other. Figure F shows a two spring configuration in which the outer
spring has one-half the costs and twice the pitch of the inner spring.
With this configuration, the inner and outer coils can be clamped at
points A, R. .., D, and E because there is no relative axial motion at
those points. The same basic approach can be used with other ratios of
crils and pitches, but the clamping locations will differ accordingly.
If the outer spring has one-third the coils and three times the pitch of
the inner spring, then the inner spring can be clamped at every third
coils in a like manner. In either case, both must be wound in the same
direction. All clamping must be done at the same clockwise position as 4
the start of the coils to prevent relative motion and tube damage. Other
clamp locations are possible if the inner and outer springs start at
different clockwise positions. Other clamp locations must be studied
carefully to assure that no relative motion exists. Tubing wear may be a
problem with use of Method D. The relationship between the pitch and
number of coils for Method D is:

Po Ni Where: p = pitch
N number of coils

0i i = inner coil
o = outer coil
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Outer Helical Coil

Low Density Foam

Inner Helical Coil

Figure 21. Damping Methiod A -Low Density Foam

outer Helical Tube

Plastic Tube Damper

Inner Helical Tube

Figure 22. Uarnpiflg Method 8 Spiral Plastic Tuoe Damper
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Foam Encapsulation

Ouiter

O0000 Q0 Helical Coil

0 00 00 Inner
-. -.-. Helical Coil

Figure 23. Damping Method C -Low Density Foam Encapsulation

Outer Helical Coil

I.nner Helical
Coil

Pitch of outer coil is twice Plastic tie
that of inner coil.

Figure 24. Damping Method 0 Selective Clamping of
Outer Coils to Inner Coils



Peprt No, NADC-79211-6o

8.5 Damping Miethod E, Foam Sandwich for Tri-coil Configuration; Figure
25. Again, this concept relies on interference of the foam with the
coils for damping. Due to the tri-coil configuration and the location of
the foam, moderate density foams cov,,, t? tried for this concept.

8.6 Damping Method F, Tubing Encapsulation of Coils; Figures 26 and
27. Figures 26 and 27 show coils encapsulated in heat shrinkable
tubing. The heat shrinkable tubing must be applied to the metal tubing
prior to forming. The diameter of the mandrel must accommodate the
change in dimensions due to the addition of the heat shrinkable tubing,
The coil pitch must be increased also.
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Tri-coil Configuration

Foam Sandwich

Tri-coil Configuration

Figure 25. Damping Method E -Foam Sandwich
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Figure 26. Damping Method F -Tubing Encapsulation
of Coils as Applied to Helical Corfiguration
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3

Figure 27. Damping Method F -Tubing Encapsulation of
Coils as Applied to Coils Loaded in Torsion
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9. TERMINATION AND NESTING STUDY

9.1 Study Description. The task Invisioned originally for thisstudy was to deal with special fittings which terminated the coil ends
and would eliminate the possibility of fatigue at standard MS flarelessfittings. In the course of analysis and test on the configurations inthis program, the problem of stress at sleeves on MS flareles5 fittingswas determined not to be significant. A problem with more impact on
implementation of coiled tubing was how to form the transition from thehelical coils to the end fittings. The type of transition requireddirectly impacts tooling requirements. Therefore, this section isdevoted to a description and brief trade study of nesting and termination.

9.2 Simple Tangential Extension; Figure 28. This configurationterminates the coils by a tangential extension of the tube at the end of
each coil. This results in simple bends but requires sufficientclearance between coils to allow insertion of the inner coil with
fittings.

9.3 Center Termination of Inside Coil; Figure 29. The outer coilstill has simple be-'ds but compound bends are required on the innercoil. The inside coil can be easily inserted with this termination.

9.4 Inline Termination of Both Coils; Figure 30. Both coils have
compound bends but easy nesting is possible. This configuration would be
difficult to produce.

9.5 Reduced Bend Radius Termination; Figure 31. By use of non-
standard reduced bend radii, the bends can be made in one plane.

9.6 Double Pitch Coils; Figure 32. By use of a special mandrel,
both coils have the same mean diameter but with expanded pitch which
allows the coils to be intertwined. Bends are simple. Length ofassembly would be greater to accommodate both sets of coils.

Table 6, End Configuration Comparison, summarizes the bendrequirements, advantages, and disadvantages of earh type of termination.

9.7 Uther Possible Configurations. Figures 33 and 34 show twoconfigurations which were made but not tested. These configurations uselarge diameter coils which would allow the tube to be installed aroundthe outside of the actuator. Figure 33 is an oval concept. Figure 34shows large diameter circular coils as they might appear installed around
an actuator. These configurations have the advantage of being able to beshaped to conform to the wing contour or compartment in which the
actuator is installed.
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ril.

Figure 33. Oval Configuration
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10. CONCLUSIONS

10.1 Materials. The materials selection study used the ratio of
tensile strength to torsional modulus as the function to be maximized. A
material with the highest ratio is considered a good spring material.
The three materials selected were cold worked stress relieved Ti
3A1-2.5V, annealed Ti 3AI-2.5V and Ti 6A1-4V. Material properties such
as ultimate shear strength and torsional modulus for titanium alloys are
not readily available.

10.2 Endurance Test. The successful completion of the 100,000 cycle
endurance test indicates that the design equations derived were adequate
and that helical or tri-coil configurations can be designed to pass any
endurance spectrum.

10.3 Vibration Tests. Undamped configurations showed amplification
of input acceleration. Relatively simple damping methods attenuated the
amplification of random vibration. in the brief tests conducted, the use
of low density foams and plastic ties was moderately succcessful but
further work is required.

10.4 Fabrication of Coils. Using the tools described in this
report, fabrication of coils was very straight-forward. Difficulty was
encountered in the forming of the bends from the helical coil to the
straight lengths going to the end fittings. The hand forming techniques
used would be acceptable for the small quantities involved in a test and
development program, but would not be satisfactory for production of
tubing in greater quantities.

10.5 Configuration. The configurations evaluated are satisfactory
for replacement of hose or extension units on moving barrel actuators.
The variety of shapes will allow installation of coiled tubing in very
compact envelopes which are cylindrical or planar with finite thickness.
The design equations and nomographs derived allow tailoring of the coiled
tube design for any stroke.
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11. RECOMMENDATIONS

Having established a good technical foundation for the design of
the helical and tri-coil configurations, additional work is required to
provide the complete technical base to allow design and fabrication of
these configurations in confidence and also to support reliability
predictions.

11.1 Recommendations on Additional Tests

Test recommended wall thicknesses to failure for both the
helical and tri-coil configurations.

, Determine the torsional modulus (G) for Ti 3AI-2.5V CWSR alloy.

Evaluate vibration damping methods to establish the most
effective techniques.

* Fabricate and test configurations such as the diamond and oval
shapes which wrap around the actuator.

, Set up a test demonstration to establish that auto-frettage of

tubing is not required.

11.2 Reconmendations on Additional Analysis and Design

f Conduct a trade study of end termination to establish
production tooling requirements.

Write a Fortran language computer program of the design
algorithm used.

Create nomographs for larger tube sizes such as 1/4 and 3/8
inch diameter.

11.3 Recommendations on Demonstration and Education

Make static displays to illustrate the various configurations
possible.

Prepare a movie which examines the tooling required,
illustrates the configurations possible, and details damping
methods.

Make presentations on the coiled tube program to major
aircraft manufacturers and to cognizant Naval technical
personnel.

Investigate retrofit of coiled tube installations on fleet
aircraft in specific applications.
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APPENDIX A
SYMBOLS

The symbols defined below are used throughout this report.

Included angle of extensions passing through coil

centerlines on tri-coil configuration, with coils

unloaded, degrees.

agT  = New angle a in loaded position, degrees

= Ovality of tube, decimal percent - subscript I denotes

unpressurized condition; subscript 2 denotes pressurized

condition

&a =Change in length of semi-major axis of ellipse at inner

tube wall, inches

,b Change in length of semi-minor axis of ellipse at inner

tube wall, inches

adb = Change in ovality of tube across db from unpressurized

to pressurized condition

A = Total stroke; inches

A, = Stroke per coil measured at center line of coil, inches

B = Distance between outer coil centers in tri-coil

configuration in unloaded position, inches (see Figure 6)

C = Distance between outer and center coil centers on

tri-coil configuration, inches (see Figure 6)

Dm  = Coil mean diameter, inches

E = Modulus of elasticity, psi

F = Load on spring, lbf

F = Ultimate shear strength allowable, psisu
Ftu = Ultimate tensile strength allowable, psi

G = Modulus of rigidity, psi

H = Vertical height of tri-coil in free state, inches

H T  =Vertical height of tri-coil in loaded state, inches

I = Moment of inertia, in
4

J = Polar moment of inertia, in
4

K = Parameter used in Reference I

K = Wahl correction factor, inside of coil

K 0 = Wahl correction factor, outside of coil
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APPENDIX A
SYMBOLS - CONTINUED

L a Straight length of tubing tangent to coils on tri-coil

configuration, inches (see Figure 6)

MA = Moment taken about point A of oval tube, in-lb

MB = Moment taken about point B of oval tube, in-lb

ME a Moment in tube wall due to elasticity, in-lb

M P 0 Moment due to pressure, in-lb

N = Number of active coils

P = Internal pressure, psi

SEQ = Equivalent uniaxial stress, psi

S = Total stress in circumferential direction of tube, psi

$xz = Total torsional stress in tube, psi

Sy = Total stress in longitudinal direction of tube, psi

S = Total stress in radial direction of tube, psi

T = Torque, inch-pounds

y = parameter used in reference I

= Parameter used in reference I

a = Length of semi-major axis of ellipse, inches

0 = Angular displacement of a single coil, radians

b = Length of semi minor axis of ellipse, inches

d ajor axis of oval tube at outer wall, inches
a
d b  =Minor axis of oval tube at outer wall, inches

di  = Tube inside diameter, inches

d = Tube outside diameter, inches

ftA = Stress due to ovality at semi-major axis of elliptical

tube cross-section, psi.

ftB = Stress due to ovality at semi-minor axis of elliptical

tube cross-section, psi

r = Padius at wall neutral axis of perfect round tube, inches

rA = Radius of curvature to tube wall neutral axis at

semi-major axis of ellipse, inches

rB  = Radius of curvature to tube wall neutral axis at

semi-minor axis of ellipse, inches

a =parameter used in reference 1

t = Tube wall thickness, inches

- 107 -
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APPENDIX B

DATA FROM VIBRATION TESTS

Undamped Test ... ............... . . . Figures 35 thru 40 I
Damped Test No. 1.......... . . . . . Figures 41 thru 46

Damped Test No. 2 ............. .. Figures 47 thru 52

-I
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