SPRINGS

Springs: Elastic members

Function:

1- Exerts force or torque

2- Absorbs and store energy 

Springs type:

1- Wire springs

2- Flat springs

3- Torsion bar

4- Pneumatic Springs and hydraulic springs

Spring Material:

1- Metal

2- Plastic: light weights.

3- Gas: Hydrodynamic suspension of Citroen automobile.

4- Hydraulic: For large forces and small deflection (due to slight compressibility of liquids.

Coil Springs (Helical Springs):

[image: image1.emf]
Consider the helical compression spring loaded by an axial force F, where:

D: mean spring diameter.

d: wire dia.

Stress in the spring coil:

Shear stress due to force F; 
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Torsion load: 
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Maximum shear stress in the wire at the inner fiber:



                          F         
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Spring Index:
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Ks: Shear stress correction factor.

C = (6-12), applied for both static and fatigue loading for C>3 and (<12(.

Curvature Effect:

The curvature of the spring wire produces stress concentration at the inside surface of spring coil  ( it must be considered for fatigue loading and brittle material.

Wahl Factor:

K: correction factor including the effect of stress concentration and curvature effect.
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Where: 


[image: image10.wmf]C

C

C

K

615

.

0

4

4

1

4

+

-

-

=

,      
[image: image11.wmf]S

C

K

K

K

=


For static Loading:
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For Fatigue Loading:
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Deflection of Helical Spring:

The deflection of helical spring is obtained applying Castigliano’s method:

Deflection = 
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,   u = Deflection energy

Torsion Deflection:
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N = number of active coils.
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Direct shear Deflection:
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Total deflection Energy:
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Spring Rate (spring constant):
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Helical Springs:

1- Compression Springs

2- Tension Springs

Compression Springs:

Ends design of helical compression springs:

[image: image24.emf]
In all cases: 

Nt = total number of coils

N = number of active coil (turns that twist under the load ( contribute to the deflection)

ND = number of inactive or dead coils (turns that do not contribute in the deflection).

LS = solid length (all coils are closed up)

Lf = free length (spring when no force is acting)

Ends types:

1- Plain Ends: ends are the same as if a spring is cut into sections.

ND = 0     (  N= Nt ,              
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2- Squared or Closed Ends: produced by deforming ends to zero helix  angle

If both ends are closed:

ND= 2.0   ( N= Nt – 2  ,       
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3- Grinding Ends:

 If both ends are squared and ground a better transformation of load is obtained.

ND = 2      ( N = Nt – 2,        
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4- Plain and Ground Ends:

If both ends are plain and ground

ND = 1.0      ( N= Nt – 1,        
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Table (10-2, Shigly) lists dimensions of compression springs for different ends design.

Spring Lengths

Free length =  Lf  = spring length when no force is acting and the active coils are placed at a pitch distance p.

Initial (installed) length = L1
Maximum useful or operating length = L2
Solid length = LS = all coils are closed up.

Spring constant:
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since a perfectly uniform spacing of the coils may not be attainable, pairs of coils begin to close up before the spring becomes completely solid. This increases spring rate and cause noisy and harmful action.

Clash allowance:

A clash allowance is used to avoid the noisy and harmful action when pairs of coils come in contact.

Clash allowance = 15% max. operating deflection.
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Buckling of Compression Springs:

Compression coil springs will buckle when the load becomes too large. Buckling of helical compression springs depends on the following factors: applied load, spring length, ends supporting conditions.

Types of ends support:

1- Hinged End: If it is Pivoted or ball supported ( bottom end of the relief valve spring)

2- Guided End: End is guided by several isolator (top end is guided by a conical seat)

3- Fixed End: Ends are fixed if it is firmly seated with closed and ground ends. 

Critical Deflection: 

Compression springs deflect when the deflection becomes too large. The critical deflection is given by:
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(= End condition constant, depends on how ends are supported, the following table (Table 10-3, Shigly) lists the values of ( for usual end conditions.

	End Conditions
	(

	Both ends fixed: Both ends squared and ground (spring supported between Parallel plate
	0.5

	One end is fixed and the other is hinged (pivoted)
	0.707

	Both ends are pivoted (hinged)
	1

	One end clamped ; other end free
	2


C1 and C2 = Elastic constants
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Stability (No Buckling):
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For Steel:
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Spring Material:

Springs are made by: hot or cold working process, depending on the size and the properties desired. 

Table (10-3), gives the most commonly used steel, and their application fields.

Tensile Strength of spring material:

Spring tensile strength depends on:

1- Material tensile strength (Sut)
2- Wire size

3- Material Processing.

A plot of tensile strength versus wire diameter on log-log paper is a straight line.









       Sut
The equation can be given by:
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Sut = Spring tensile strength








         

A= Strength intercept.                                                                                         d
        d

m= Slope of the line on log-log plot.

Table (10-4), give values of m and A for commonly used steels in MPa and kpsi.

Since the spring is under shear stress the torsional yield strength is needed. A rough estimation of  Ssy is obtained ( in absence of test result) assuming that:

Yield strength = Sy = (0.6 –0.9) Sut            (           Sy (0.75Sut            

Using (DET):

Torsional yield strength =  Ssy = .57 Sy      (           0.35Sut ( Ssy (   0.52Sut 
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Accuarte test results of Ssy:
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Table[10-13]
[image: image43.emf]
Spring Design:

Design of helical spring requires to select: Material, wire size (d), coil diameter (D), number of turns (Nt), free length, spring rate, types of ends. These are interdependent variables which needs an iterative procedure.

General Design considerations:

1. Space into which the spring must fit and operate (recommended diameteral clearance 0.1 OD )

2. Values of working forces and lengths.

3. Accuracy

4. Tolerances and permissible variation of dimensions

5. Environmental conditions

6. Cost and quantity needed

Static Loading:

The two basic requirements:

a- Acceptable stress level 

b- Desired Spring rate. Since all portion of the spring do not become solid at the same load, the spring rate starts to increase before reaching the solid length. To avoid this a clash allowance of 15% of spring deflection at max. load.

To minimize weight, size and cost  (  Springs are designed to the highest stress level (without permanent deformation).

Example:

A helical compression spring with squared and ground ends is required to exert a force of 60 lb at a length that cannot exceed 2.5 in, and 105 lb at 0.5 in. shorter. It must fit inside 1.5 in. diameter . Design a suitable spring, using an oil tempered ASTM 229 wire.

                       D+d<1.5





        60 lb






                                   105 lb








       0.5 in.                                          FS

            Lf             Spring       L1<2.5         min.

                          Free                          load









max.                    solid









load
    LS
    length   


Solution:

1. Sprig constant.
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2. Outside diameter <1.5 in.     (    D+d<1.5    

The spring diameter increases when compressed, using the recommended diameteral allowance =  0.1 (OD)

Initial guess: D=1.25 in. , d= 0.1 in.    (  C=12.5   (  
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3. To determine the ultimate strength of the spring wire;
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            From table(10-5)  A=146 kpsi  ,   m= 0.193   (Oil-tempered ASTM 229)

Sut = 227.7 kpsi

Ssy = 0.5 Sut=113.85 kpsi     (oil-tempered steel)

4. Design the spring for max. force (solid length). 

Clash allowance = 15% of max. working deflection
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s

s

s

S

d

D

F

K

=

=

3

8

p

t

    (  113.85(103=1.04 
[image: image50.wmf]3

25

.

1

75

.

120

8

d

p

´

´

  ( d = 0.152 in.

5. Check the result
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D+d <1.5 in.

Diameteral clearance:

OD=D+d=1.4 in. 

Dia. clearance = 1.5-1.4= 0.1 in.

Dia. Clearnce > 0.1 (OD) = 0.1*1.4=0.14.  So we need to redesign the spring.

6. Using d=0.152 in. and solving for D.

7. Ssy = 0.5 Sut= 105 kpsi , FS =120.75 lb.

(  
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OD=D+d=1.275     ( 1.5-(D+d)=0.225 > 0.1 *1.275 (=0.1275)

8. Spring constant
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   ( No. of active coils, N = 6

 Both ends are ground and squared  (  ND= 2.0
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9. Free length

If the spring is released from the solid length, it will elongates a distance ys
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At Fmin= 60 lb  (  Lmax ( 2.5 in.

(  Lf -ymin< 2.5 in.   (    25.7- 60/90=1.905< 2.5 in.

10. Buckling

Max. deflection: y = yS  =1.34

Both ends squared and ground: (=0.5  ( from table 10-3)
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Fatigue Loading:

Helical springs are normally subjected to fatigue loading. Since both tension and compression springs are installed with initial tension ( the worst stress condition occur when there is no preload (Fi  =0).

A helical spring under alternating load ( 
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Coil stresses:
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Torsional Endurance Limit:

Using Goodman criteria


[image: image67.wmf]kpsi)

  

(45

  

MPa

    

310

=

¢

=

e

c

b

a

se

S

K

K

K

S



for unpeened springs
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for peened springs

If Gerber parabola is used
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for unpeened springs
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for peened springs
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Goodman Line:
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where:   
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Against yielding

[image: image74.wmf]a

m

Sy

S

n

t

t

+

=


Spring Surge:

If a helical spring with one end fixed against a flat surface and the other is free, is compressed and suddenly released, it vibrates to its natural frequency until the energy is dissipated by damping. 

If after a rapid compression the free end is held fixed, a pulse of compression or longitudinal vibration passing through spring coils to the ends, where it is reflected and returned. This is called the Spring Surge phenomenon.

During spring surge: first, coils 1 and 2 nearly touching, then coils 2 and 3, then 3 and 4, etc. until it reaches to the other end where it is reflected and so on, until the energy is dissipated.

Spring surge  
(  causes local stresses approximated to those for spring solid.

· reduce the ability of the spring to control motion of parts.

If the natural frequency of spring surge is close to frequency to repeated loading (  resonance may occur.

Spring Design:

Natural frequency of spring surge > highest harmonic of repeated loading.

(      
[image: image75.wmf]n

f

   >    (15-20) frequency of repeated loading


[image: image76.wmf]M

k

m

f

n

2

1

=


where: 

k = spring constant = 
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M = spring mass = 
[image: image78.wmf](

)

4

4

2

2

2

r

p

p

p

r

r

DN

d

DN

d

AL

=

÷

÷

ø

ö

ç

ç

è

æ

=

, (= mass per unit volume
m = 1,2,…, harmonics   

( 

[image: image79.wmf]r

p

G

ND

d

m

f

n

2

4

=


For steel:
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Example:

A helical compression spring with: Nt = 14 , squared and ground ends
Lf = 11/4 in. , OD = 7/16 in. d = 0.042 in. (hard-drawn steel)

Applied load varies: 
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(a)  Find : k, Ls, (s


(b) Factor of safety guarding against fatigue failure.

(c ) If this spring is to be used with a camshaft, find the max. rotating speed of the shaft. 

Solution:

a-  N= Nt –ND = 14-2=12
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Frequency of applied load: f < 311/15 < 20  (Hz)

Speed of cam-shaft: 
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For no surge: the cam shaft must rotate at       
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Extension Springs

Extension springs need means of transferring the load from the support to the body of the spring. Hook ends are frequently used, thus, stress concentration must be considered.
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Hook stresses:

1- Combined bending and axial stresses (Section A , Fig. a)

2- Torsion stress: Section B

Stress concentration: 

Stress concentration factor at both A and B:    
[image: image111.wmf]A

K

 ,  
[image: image112.wmf]B

K

    (for bending and torsion only)

· Stress at A:  

[image: image113.wmf]2

3

4

32

d

F

d

Fr

K

m

A

p

p

s

+

=

 = 
[image: image114.wmf]2

3

1

A

4

32

 

K

 

d

F

d

Fr

p

p

+

÷

ø

ö

ç

è

æ


· Stress at B: 
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Design Improvement:

Reducing     rm         (      bending and torsion stresses will be decreased (Fig c,d).

Reducing    rm           (      Torque and Moment arms will be reduced.

Recommended value:   
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Initial Tension:

Close wound spring: an extension spring with the coils in contact with each other.

Extension springs are normally used with some initial tension in order to have an accurate measure of the free length.

Initial tension is produced during the winding process, by twisting the wire        

Recommended initial tension:
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Table( 10-1) gives the preferred range of initial tension as a function of  spring index.
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 Spring deflects if: 
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Free length (Lf) of an extension spring is the length without external force.        

Lf = Length of spring body + 2( hook distance (from inside dia. of the hook)

Length of spring body = solid length  (    
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Design of Extension Spring
The extension spring begins to extend when all body coils are completely separated. This is given by:
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y = deflection beyond Lf
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For full loop Hook
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Nb=No. of body coils
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G= Modulus of rigidity and
E= Modulus of elasticity

The term
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 is obtained taking into account the deflection of the loops in addition to coil deflection.(Using castilliagnos theorem to find the deflection of circular body under bending)
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If a force F1 is applied at the hook the shear stress at the spring coils
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Spring Design Strength point of view:
1- Static Loading

Coil Body
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( Table [10-7]
Hook Stresses

Section A:  Bending and axial stress
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Sy for estension spring( Table [10-7] if not available 
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Section B: 
Torsional Stress
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2- Fatigue Loading

Coil Body
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Since the coil has an initial tension 
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By Similar triangles
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[2]

Solving for Sa from [1] and [2]
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Against yielding


similarly 
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Hook fatigue

Section A: repeated axial and bending stresses
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using Goodman line
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Using Yielding line:
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Section B: Torsional Stresses
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Goodman Line
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[image: image167.emf]
Example:  Extension Spring
Hard drawn steel wire extension spring has wire dia.  d = 0.035", OD = 0.248, hook radii  r1 = 0.106, r2 = 0.089 and Fi = 1.19 lb.  Nb =  12.17.  If the spring is subjected to dynamic loading of Fmin = 1.5, Fmax = 5 lb.  Find the factor of safety guarding against spring failure.

Solution:

D = OD-d = 0.248 – 0.035 = 0.213"

C = 
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Kw = 
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Lf = Ls + 2Di = (Nb +1)d + 2(D-d) = 0.817"

From Table [10-4]  A = 0.19,  A = 140 kpsi  [hard-drawn]

Sut = 
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From table [10-7]

Ssy = 0.45 Sut = 119.1 kpsi

Fa = 
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Ssu = 0.67 Sut = 177.3  kpsi

Coil factor of safety
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Using Goodman line

Sse = 45 lpsi, Ssu = 177.3 kpsi, τi = kw 
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Hook factor of safety:

Section A:
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Using Goodman Line
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 Sy = 0.75,   Sut= 198.525 kpsi

Section B:


[image: image206.wmf]3

8

)

(

d

FaD

K

B

B

a

p

t

=

            
[image: image207.wmf]18

.

1

4

4

1

4

2

2

=

-

-

=

c

c

K

B

               
[image: image208.wmf]086

.

5

2

2

2

=

=

d

r

C

                                                 


[image: image209.wmf]kpsi

B

a

1

.

26

)

(

=

t

                


[image: image210.wmf]kpsi

Ca

Fa

F

m

B

m

5

.

48

)

(

=

=

t



[image: image211.wmf]17

.

1

3

.

177

5

.

48

45

1

.

26

1

1

=

Þ

+

=

®

+

=

n

n

S

S

n

su

m

se

a

t

t


From the previous calculation it is shown that the bending stress on the hook is the critical stress and hence section B on the hook is the weakest section of the extension spring.

Torsion Springs:

Types of torsion springs;

1. Helical

2. Spiral

[image: image212.emf]
The ends of the torsional spring are shaped in order to transmit torque. 

Ends of torsion springs are located relative to each others.  The angle 
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 defines the location of ends with respect to each other.
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If a force is applied at a distance (a) or (L)  from the center of the spring coil, the spring wire is subjected to bending moment  
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 , it deflects an angular rotation (1 .
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The spring constant.
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where:  M1 = applied bending moment.  (N.m, lb.in)

             ( = angular deflection of spring from initial position (radians, degº)
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Nb = Number of body turns
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N = Integer number Indicates no. of  turns of spring body.


[image: image221.wmf]°

=

360

b

P

N

 = partial No. of turns due to ends positions.

Deflection of Torsion spring:

· Deflection of Spring ends.

    Ends are treated like cantilever under bending. Angular deflection of spring ends under bending

    
[image: image222.wmf]4

2

4

2

2

3

64

64

3

3

d

E

FL

d

E

FL

EI

FL

L

Y

e

p

p

q

=

=

=

=


· Deflection of spring body: 

    Unwinding spring coil. The spring  is under bending. The angular deflection of spring coil 
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Total angular deflection of spring
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where 
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  distance to the location of forces on both ends.

Let:  
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Number of active turns
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· Spring constant
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Spring constant can be defined as the torque required for winding the spring one turn.
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 EMBED Equation.3  [image: image235.wmf]
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Taking into account the friction between coils.


[image: image237.wmf]a

DN

E

d

K

8

.

10

4

=

¢

       
[image: image238.wmf]K
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For the coil only
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Total angular deflection in turns(revolutions)
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When a torsional spring is subjected to load, it is diameter decreases.  If the spring is used a round a bar of diameter  Dp , the inside diameter of the spring must not reach the bar diameter. The diameter of loaded spring is given by:
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[image: image243.wmf]D

¢

 = diameter. of loaded spring

                                D  = diameter of unloaded spring
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Stress in torsion spring:

Torsion spring is under bending stress, the bending moment M=Fa, applied at each ends of the wire.

The residual stress produced during the winding process is favorable to subsequent loads tending to coil the spring tighter ( and unfavorable to loads tending to uncoil it) 

(     Torsion spring can be designed to operate at stress exceeding the yield strength.

Bending Stress:
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Stress at inner fiber > stress at outer fibers

Stress concentration factor at inner fiber:
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(round wire)

C = spring index

Substituting for M = Fa
Bending stress for torsion spring :
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Yield strength of torsion spring:

Using the DET, 
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Endurance Limit of Torsion Spring:
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Unpeened Spring
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Peened Spring

Here, Kc= 1.0   (where for shear load  Kc=0.577
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Example:

A torsion spring is made of 0.055-in. music wire and has a 6 coils with straight ends 180( apart. Out side diameter OD=0.654 in.

a- What value of the torque would cause a maximum stress equal to yield strength ?

b- Using the torque found in (a), find the smallest value of the inside diameter. If the load is applied at a distance a=1 inch from spring distance.

c- Find the angle of rotation corresponding to torque found in part (a).

Solution:

(a)         D = OD-d = 0.654-0.055=0.599 in.
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From table (10-5) ( A=201 kpsi, m = 0.145      (music wire)

( 
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Sy = 0.78(306) = 238.75   kpsi
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From Table[10-12]
E=29 Mpsi
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For   M= Fa = 3.63 lb.in.
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so the pin diameter must be
( Dp<0.495 inch
(c) (t = 0.56((360()= 196.56(
(d) If the spring is used in an application in which the min. torque is always 20% of the max.  Find the max. torque for infinite life.
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Using Goodman line:
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