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THE DESIGN OF A MODEL FOR STUDYING VIBRATIONS IN 

ROTARY DRILLING STRINGS 

by 

Henry B. Woods 

ABSTRACT 

Dimensional analysis methods are used in designing a 

model rotary drilling string on which vibrational studies 

may be made. Practical considerations and limitations of 

materials necessitate making various approximations,and a 

method of minimizing errors arising from these approxi¬ 

mations is developed. Equipment is designed for the 

excitation of vibrations similar to those encountered in 

actual drilling operations. The use of high speed motion 

pictures for studying the vibrations is proposed. 

INTRODUCTION 

Vibrations are often observed in the surface equip¬ 

ment of rotary drilling rigs. When rotary speed is 

increased, fatigue failures in the drilling string often 

increase out of proportion to the increase in speed. 

This leads one to believe that vibrational effects are 

contributing factors in these failures. A knowledge of 

the nature of the vibrations and their severity along 
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the full length of the string might lead to practicable 

methods of controlling them. Surface observations can 

tell us little because the bottom of the hole, where 

most of the vibrations are probably excited, may be 

thousands of feet away. 

Studies have been made of the three types of vibra¬ 

tion (longitudinal, transverse and torsional) that may 

X 2$ 
occur in drilling strings. The author does not know, 

however, of any analysis directly applicable to a rotary 

drilling string that covers the effects of one of these 

types of vibration on another. An exact mathematical 

analysis would probably be altogether too involved to 

be usable. 

It is the author* s purpose to make a dimensional 

study of a rotary drilling string and design a model 

which will be, as far as possible, dimensionally similar 

to the full size string. Vibrations could then be 

excited in the model and the whole system studied by 

taking and examining high speed moving pictures of the 

model in motion. 

’(‘References are on page 38 
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DESCBIPTION OF PERTINENT COMPONENTS IN A FULL 

SIZE RIG 

Fig. 1 is a diagramatic sketch of a drilling rig 

showing only the components which are pertinent to our 

problem. In the rotary method of drilling, a rock bit 

is attached to the lower end of tubular members extend¬ 

ing from the surface to the bottom of the hole. Part 

of the weight of the tubular members, called the 

drilling string, is supported by a block and tackle. 

The remainder of the weight rests on the bit. The 

drilling string is rotated and the rock bit cutters 

rolling on the bottom of the hole remove rock as they 

crush or penetrate and tear loose the formation. Mud 

is pumped down the drilling string. It passes through 

ports in the bit and brings the rock cuttings to the 

surface as it returns up the annulus between the wall 

of the hole and the outside of the drilling string. 

A typical rock bit is shown in Fig. 2. Each cutter 

has from 20 to 25 teeth on its outside row, and makes 

about 1.3 revolutions per revolution of the rock bit. 

This generates a low amplitude vibration of a frequency 

of about 1.3 x 22 or 29 times the rotary speed of the 

drill stem. 

A threaded connection joins the bit to the lower¬ 

most tubular member called a drill collar. Drill collars 

are thick walled tubes 30 to 40 feet long joined together 



by shouldered threaded connections that are almost as 

stiff as the collar section. It is considered good 

practice for the weight of drill collars to exceed the 

weight on the bit. 

Thinner wall tubular members, called drill pipe, 

extend from the uppermost drill collar to the surface. 

The drill pipe normally operates in tension and it is 

desirable for it to be as light as possible and still 

carry the load. Each length of drill pipe is about 

30 feet long with ends having threaded connectors 

called tool joints. A cut of the drill pipe, tool 

joint assembly chosen as representative is shown in 

Pig. 3. 

The uppermost tubular member is called the kelly. 

Its outer surface is square or hexagonal and slides 

through a mating hole in the rotary table which drives 

the drilling string. Rotary speeds may vary from 40 

to 300 rpm. 

The kelly is connected to the swivel which is 

hung from the traveling block as shown in Fig. 1. 

Several lines of wire cable join the traveling block 

and crown block. 

Pertinent data for these and other components 

chosen as representative for the full size string are 

listed under specifications at the end of the paper. 
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TYPES OF VIBRATIONS OBSERVED 

In a rotary drilling string vibrations are probably 

excited by 

1. Axial motion of the bit as it rolls on bottom 

2. Bending of the stem close to the bit due to 

non-uniform distribution of bit load on 

bottom 

3. Variation of torque on the bit 

4. Variable friction of the drill stem on the 

wall of the hole 

5. Pulsations in mud pump pressure. 

The author has observed drilling operations in many 

oil fields. Some drillers say that in certain formations 

drilling rate is increased if the bit can be made to 

bounce on the bottom of the hole. They will vary the 

rotary speed until a condition is reached where the kelly 

moves up and down over a range of two or three inches. 

The period is normally of the same order as the period of 

rotation but not just the same nor a direct multiple of it. 

Often the range of rotary speeds at which this particular 

type of vibration will start is quite narrow but when the 

vibration has started it will continue over a range of 

rotary speeds of as much as plus or minus 20 per cent. 

The author has also observed in several areas a type 

of vibration in which the up and down motion of the kelly 
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is very slight but drilling lines and derrick vibrate 

with a high amplitude. Sometimes this is so severe that 

derrick nuts work loose. This must be due to a vibration 

that is related in some way to the natural frequency of 

the drilling lines or derrick. 

Another type of vibration has been observed when 

drilling in West Texas chert. A low amplitude axial 

vibration of the kelly with a frequency of possibly 400 

cycles per minute will last for about two seconds, then 

the kelly will momentarily turn faster than the rotary 

table, taking up the slack in the table and banging on 

the nonpressure side and then back on the pressure side. 

Everything is quiet for a few seconds and then the cycle 

is repeated. On a rig equipped with a gage to read the 

torque in the rotary driving system, it has been noted 

that the torque will gradually rise during the few 

seconds quiet period, reach a maximum and hold it with 

slight fluctuations during the period of vibration and 

then very rapidly drop off to its minimum value when 

the kelly slaps in the rotary table. It is the author’s 

belief that the bottom of the hole has such rough places 

in it that the bit actually stops rotating for a time 

and the drill stem winds up until the torque at the bit 

is enough to make it start again. 



GENERAL COMMENTS ON OBTAINING DIMENSIONAL SIMILARITY 

The components we shall consider in obtaining; 

similarity between full size string and model are 

1. Derrick 

2. Drilling line 

3. Traveling block and swivel 

4. Kelly 

5. Drill pipe 

6. Tool joints 

7. Drill collars 

8. Drilling mud 

9. Wall of hole 

10. Mud pump. 

In a system as complicated as this it will be impossible 

to get full similarity. It will be necessary to make 

approximations which will be partially justified if 

surface vibrations observed in the field agree with 

surface vibrations in the model. 

Derrick 

Vibrations are often observed in the derrick. The 

actual observed vibrations are of low amplitude and 

because the only connection between derrick and drilling 

string is the relatively springy drilling line, it may 

be satisfactory to consider the derrick as am inelastic 

member. This will be discussed later. 
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Drilling Line 

Certainly we must get similarity in the drilling line. 

As discussed hy Bernhard} the drilling line has little 

effect on the over-all vibration of the string but its 

properties are probably very significant as regards the 

vibrations observed at the surface. Its flexural rigidity 

may be taken as zero but its elasticity and its mass must 

be considered. This seems to present no problem and will 

be studied later. 

Traveling Block and Swivel 

There is no problem here. They may be considered as 

a concentrated mass. 

Kelly 

This is a short member and has the same general 

characteristics as the drill pipe. No particular attempt 

to get true similarity will be made. 

Drill Pipe, Tool Joints and Drill Collars 

Attempts will be made to get true dimensional 

similarity. This is probably very important. 

Drilling Mud 

The drilling mud has a number of effects. Its 

buoyancy changes the effective weight of the drilling 

string. The mud inside the drill pipe and collars has 
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the effect of adding mass to these members for trans¬ 

verse vibrations but not necessarily for longitudinal 

or torsional vibrations. It has a damping action both 

because of its density and because of its viscosity. 

Its viscosity varies because of its thixotropic nature 

and because of varying proportions of rock cuttings. 

As will be seen later the effects of the mud will be 

partly ignored and partly only roughly approximated. 

Wall of Hole 

The sliding coefficient of friction between drill¬ 

ing string and wall of hole should be the same in both 

string and model. This coefficient in the model may be 

adjusted to get equivalent over-all torque in the model 

as compared to observed torque on a full size rig. 

Mud Pump 

The mud pump on most rigs is a two cylinder double 

acting piston pump producing from 160 to 240 uneven 

pulsations per minute. Vibrations due to these pulsa¬ 

tions will be ignored in this study. In fact many rigs 

have pulsation dampeners that make the resulting 

variations in pressure negligible. 
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OBTAINING SIMILARITY FOR PRILL PIPE AND PRILL COLLARS 

Wo shall consider longitudinal, transverse and 

torsional vibrations and see what will be required for 

similarity in both drill pipe and drill collars. We shall 

3 
use dimensional analysis methods as outlined by Langhaar. 

Longitudinal Vibrations 

(EA) E3LT 

r-1 

,-2 

It appears that the following fundamental quantities 

should be interdependent: 

Stiffness in stretching 

Mass per unit length 

Length 

Concentrated mass 

Amplitude 

Frequency 

Exciting Force 

In the above table m refers to the concentrated mass of the 

tool joints. Using the method described by Langhaar 

P 

/ 

m 

B 

n 

ML 

L 

H 

T ,-l 

MLT 
2 

B ff <SA> m F0>> 

T tf9 Sl) 
Naturally it will be impossible to specify similarity 

between FQ in the model and the exciting force in the full 

size drilling string because we do not know the magnitude 

of this force in the full size string. We can say,however, 
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that for a given exciting force in the model there trill be 

similarity for some other exciting force in the full size 

string. Actually then the two dimensionless quantities 

(SA) and m are the only ones we need consider. 

W * 
Torsional Vibration 

Using the same methods for torsional vibration we 

obtain the two dimensionless quantities 

<GA) and tak^A 

a^pZ^ X pi* 

Where G is modulus of elasticity in shear, k is radius of 

gyration of concentrated mass and 1 is moment of inertia 

of tubular pipe section. To be precise, a distinction 

should be made between bending moment of inertia and polar 

moment of inertia. Ho error is introduced by considering 

them both the same and tills will be done. 

Transverse Vibrations 

A complication is introduced when transverse vibra¬ 

tions are considered because the amount of tension or 

compression in the string will influence these vibrations. 

Inasmuch as the string is hanging more or less vertically 

this tension or compression will be influenced by the 

weight of the string under the buoyant action of any fluid 
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in which it is immersed. The static effects of fluid 

inside and outside tubular members in oil wells have been 

4 
thoroughly discussed by Lubinskir The dimensionless 

quantities obtained are 

(EX) m w 

where w is weight per unit length. 

Different Approaches for Obtaining Similarity 

We now have the following dimensionless quantities 

which must have the same numerical value in both string 

and model: 
J ■' V 

(EA) (GA) (El) o m nk2A 

W W p^p pi’ M" 

The only problem presented by the terms ^ and is 

that the concentrated mass in the model must be located 

at a particular radius of gyration* Actually it might 

have to be put in the body of the model which would be 

difficult in practice. This will be considered later. 

The first two of the above terms are the same except one 

has G in place of E. The relation between these 

quantities is 

E 
° = 2(l,v) 

where vis Poisson* s ratio 
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Ignoring one of these would introduce no error if V were 

the same in string and model and only a slight error if 

v were as high as 0.4 in the model. We shall, therefore, 

ignore the term • We shall consider only the three 
nnpZ2 

terms 

(EA) (El) w 

n2pZ2 n2pZ4 pZn2 

Obviously it would be impossible to obtain a very 

small diameter tube with ratio of wall thickness to 

diameter the same as it is for drill pipe, and it would be 

desirable if solid rods could be substituted for the 

tubular members. Using the above dimensionless expres¬ 

sions and working through the algebra,it was found this 

could be done for both the drill pipe and drill collar. 

We shall not go into this now because after working it 

through an additional complication arose from the fact 

that in the full size string the pipe is full of mud 

and for transverse vibration certainly this mud must be 

moved just as the pipe is moved. For longitudinal and 

torsional vibrations this is not necessarily true; the 

pipe might vibrate without moving the mud inside. 

Because of this, we should consider that the mass per 

unit length of pipe is different for transverse vibra¬ 

tions than it is for longitudinal or torsional vibrations. 

Call the mass per unit length for transverse vibration p°. 
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Our dimensionless quantities are now 

(EA) (El) 
 2 7’g* '2"oy4* n pi n p °< 

w 
>Zn 5 

(1) 

In working with the above quantities it was found to be 

impossible to get complete similarity between string and 

model for both pipe and collars. It developed that it 

would be necessary to work out some procedure for 

approximating similarity as closely as possible. This 

presented a number of problems. 

We could write down a complete set of equations 

that must hold for full similarity and then adjust scale 

factors to make the errors in the equations as small as 

possible. There was a question whether some of the 

equations were more important than others and should be 

weighted. These was also a question whether the three 

original dimensionless quantities were the best to use 

or whether some combination of the three would be more 

fundamental and possibly lead to better results. 

We eventually hit on a procedure that seemed to be 

better than any we had tried before and which led to 

results that appeared reasonable. After working it 

through it was seen that better similarity between model 

and string could be obtained if the model for the drill 

pipe were hollow and had a liquid in it. It appeared 

advisable to transform first to another full size string 

operating in air and finally to the model. This put all 
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of the approximations in the first transformation and 

made it somewhat easier to estimate errors arising from 

the lack of similarity. 

Final Method For Obtaining Similarity 

It was decided that the three most fundamental 

dimensionless quantities are 

<EA) (El) (El) 
” TTg» —75 
n p/ n p#£ 

(2) 

It may be noted that the first two are the same as in 

(1) and the third may be obtained by dividing the 

second by the third in (1). The justification for 

thinking thatflllL is a more fundamental quantity than 

wZ3 

.<El) 

in static situations. 

—2L_ is that'££4 is the dimensionless quantity used 
p°Zn2 vrZ3 
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Let us use the following nomenclature: 

E - modulus of elasticity 

D = outer diameter of tubular member 

d = inner diameter of tubular member 

A = ~ x cross sectional area = D2-d2* 

I = ~ x moment of inertia = D“-d^* 
77 

n a frequency 

p s mass of tube material per unit length** 

p° s mass of tube material plus liquid inside 

per unit length** 

l 3 length 

w 3 weight of tube plus liquid inside (corrected 

for buoyancy) per unit length 

s = specific gravity referred to water** 

SJQ 3 specific gravity of mud referred to water** 

Use subscripts 1 and 2 to refer to pipe and collars 

respectively and a superscript * to refer to model. 

Thus is outer diameter of pipe in drilling string 

and dg is inner diameter of collars in model. 

Referring to the specifications we see that 

3 4.500 in* | d^ 3 3.826 in. 

3 6.75 in.| dg 3 2.25 in.| s^ s 1•2 

♦It is convenient to ignore the factors % and ~L 
in area and moment of inertia terms respectively. 

**For convenience inconsistent units are used. We 
shall take p = sA. 



-17 

How 

Pi dl% + (»i —«*l) S1 , dl %   a,   .,7.„ — -1 + 

Pi 
D'i -*i si (D! -4) 

, . 14.64 x 1.2 , = 1 + *   a 1.40 
5.612 x 7.83 

Likewise 

P2 1 + 5^062x44^ ^ t Q2 
P2 40.50 x 7.83 

and 

W1 w2 S1 7.83 —1.2_ 1 „ 

il “ 55 * “ir-®' or-e-os6 

The intermediate string is a tube with liquid inside. 

Let 1 -a = ratio of mass of liquid Inside to moss of 

pipe model and =■ scale factor used in transferring 

the dimensional quantity from the initial string to 

the intermediate string. Then using the relations 

px » 1.40 p1# p1 *> apx 

^1 ~ T7HT pls* 
« €>i t 
w « SPj « gap1 

Pg « 1#02 Pgi 
#t t 

p2 -p2 

% « -1=- P2S, 
* 1.18 ^ *2 88 4" 

obtain 

Kpi" I3J Kpi 
(3) =1.18 aKp^ (4) 

Ko«= KO0 * 2 1.02 ‘2 <5) Ev/g = 1.18 Kpg (6) 
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For exact similarity it is necessary to satisfy 

the following equations obtained on consideration of 

the dimensionless quantities (2). 

E 
(EA) 

K 
(El) 

E 

-jr—*jr = 1»  ~A = 11 ~ 

W * 

(El) 
- 1 

"p~i ~~n~p “w_iZ 
where all the E factors are the same for both pipe and 

collars. Since in the approximation the E factors for 

the pipe and collars may be different, the following 

must be satisfied as closely as possible; 

E 

E 

E 

(EA). 
= l 

(EI)X 

XX 

g<E»2 

- 1 

= 1 

(7-1) 

(7-3) 

(7-5) 

-(EI)i 

P1 
L1 

KCEA)2 

n P2 12 

\E1) 2 

rw 
W2 12 

(7-2) 

(7-4) 

(7-6) 

E 
(El). 

K(EI), 
= 1 (7-7) 

E 
(EA). 

K(EA), 
(7-8) 

*Pl 
» 1 (7-9) 

V, 
W*1111 

To 
(7-10) 

K^, 

= 1 (7-11) 
Kh (7-12) 
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Substituting values of K e, K_, and KL from 
1 w2 P1 p2 

(3), (4), (5), and (6) in (7-1) to (7-12) we obtain 

K
(EA)1 

A K! 
n P;L 

= 1 (8-1) 

K(EI). 
 i—« 1 (8-3) 
1.18 aK K? 

P1 'l 

1.02 K 
(El), 

"SS. K 
- 1 (8-5) 

n^2 ^ 2 

K 
(El) 

(El) 
1 (8-7) 

2 

Vi , 
yw w X (8-9) 

1.40 K 
(El). 

aK^K K 
“ V?1 

- 1 (8-2) 

K 
(EA) 

HE 
2 

» 1 (8-4) 
. » K“ 
n P2 * 2 

K 
(El), 

1.18 
= 1 (8-6) 

K 
(EA) 

K (EA), 
- =1 (8-3) 

1.02aKp 

1.48 Kp1 " 1 (8-10) 

1 (8-11) 1 (8-12) 

Since (8-1) and (8-4) refer to both torsional and longi¬ 

tudinal vibrations we shall weight them to have twice the 

importance of (8-2),(8-3),(8-5) and (8-6). Equations 

(8-9), (8-10) and (8-11) are all related to mass. We 

shall give them 1/2 weight. 



-20- 

To find the optimum value for each of the K factors 

consider the 12 equations (8-1) to (3-12) each of which 

is of the form F(K) = 1 

Let the mth be Fm(K) » 1 

4.1- 

where F^CK) is the quantity on the left of the in 

equation or its reciprocal, whichever is greater than 

unity. We may now minimize the quantity 

where 

[pm(K) -l] (9) 

C1 - c4 - 2» C9 ~ cio “ CH ” V2 

all other Crs = 1 

If we hold K7 - K7 =» 1 the minimum value of the 
L\ L 2 

expression (9) is obtained by adjusting the other K 

factors so that 

F1(K) = F4(K) = F?(K) = Fg(K) o F9(K) = 1 

VK) - VK) = V® - VK) (10) 

V 1.40 1752 F10(K) = F11(K) “ 
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No consideration need be given to the values of the 

weighting factors in (9) or to the power to which 

Fm(K) - 1 is raised in (9) as long as the weighting 

factors C2, C3, Cg and Cg are equal and C1Q and 

are equal.* We obtain the following values for the 

factors 

0 J 1.40 a = vT7fl2 

Kf » 1.02 x 1.18 
n 

J 1.40 
V 'TUS 

K 
(El) 

= K 
(El), 

1.18 
MS 

40 
m di) 

K(EA)1 
K
(EA)2 

1.02 x 1.18 i 1.40 T7UZ 

Kr 
1 

1#* 

♦These statements are not obvious. It takes a 
little study to see that they are true. 

«inCc 
We have freedom in the choice of the K *s. To take 

them equal to unity at this stage p 

simplifies the problem. 
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The minimising of oppression (9) can now be continued by 

trial in which all of the factors including and 

may vary. At this stage tho values assigned to the 

weighting factors trill affect the results. A study of 

the oppression <9) and equations (10) and (11) v/ill show 

that if in tho final rainifausa for (9) is greater 

than tho value given in (11) by a certain percentage then 

K
(EX) k® less by the same percentage. The sane 

will apply for the other K factors. 

Tho final results obtained are 

a = 

Kn =* 

I£pi” 

40 
02 * 

1/1.02 p 1,18 

rzm 

KiE6)1 " 
1.02 p 1.18 21 1.003 p 

K(Sfi)„ " 
1.02 3i 1.13 - |l.40 
OSS \ fTTOST 

K
(E1)1 « 

1.18 P 1.008 22 

1.18 ill. 40 

<SI>2 ” rnro MT&Z 

il5 .40 "rm 

K, 

Kr « 
*2 

« 1.172 

« 1.108 

ta 0.998 

a 1.004 

» 1.414 

a 1.406 

« 1.287 

« 1.267 

« 1.005 

= 0.395 

(12) 
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The fact that there is very little difference between 

the K factors in (11) and (12) indicates that weighting of 

the quantities in (9) has little effect on the final 

result. Actually an unsymmetrical type of weighting, ie., 

in which pipe factors are weighted differently from 

corresponding collar factors, would have led to quite 

different results. Since there is so much more pipe than 

collars in the hole there is a good argument for giving 

the pipe more consideration than collars. When we do this, 

however, we get results for the collars that appear to be 

greatly distorted. Our only argument for accepting the 

procedure used is that it gives results that appear 

reasonable. 

Consideration was given to the possibility of letting 

the drill collar turn in fluid and that the additional 

degree of freedom might lead to closer approximations. 

The result was that improvement could be obtained only 

if the fluid in which the drill collar turned had 

negative density. 

Consideration was also given to the possibility of 

letting the drill collar be a tubular member with fluid 

inside. This led to only insignificant advantages. 

Using these K factors on the initial string, we 

obtain the intermediate string which will operate in air 

with approximate similarity. 
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Assuming no cbange in E, properties of the 

intermediate string are 

*2 

H 

&2 

Pi 

*2 

S1 

= 195.8 x 1.287 

= 2050. x 1.267 

= 5.612 x 1.414 

a 40.50 x 1.406 

a 7.83 x 5.612 

a 7.83 x 40.50 

7 *83 
= T7ZTZ s -996 

= 252.0 in.4 

a 2597. in.4 

= 7.935 in.2 

a 56.94 in.2 

x .996 a 43.77* 

x 1.004 = 318.4* 

a 5.515 

7.83 _ 
s2 “ I720S X 1.004 5.591 

In transforming from the intermediate string 

to the model we may use equations (7) and now they 

may be applied exactly. The K factors will, of 

course, have altogether different values from those 

used in the previous transformation. 

*Because of inconsistent units used no dimensions 
are given for p. 



Let us write equations for the K factors 

K 
EiAl w 

E2A2 
(EA)1 “ E^ “ K(EA)2 

= 

K 
E*I* 'Vl 

E* T» 
*2*2 

(EDj ” EJIJ = K(EX)2 = E^T 

_ siai 
s A 
1 1 S ' 

S2A2 

K. p° 
P1 

a* s* A* s* A* 
11 ^ _ 2 2 

aSlAl" P2 S2A2 
(13) 

g sJA*. 
= K_ 

* S2A2 

1 6 S1A1 W2 8 S2A2 

K; = K, 
* 1 *2 

Let us make a - a*. Then the equations for the 

the Kpo *s and the K^f s are similar. 



Substituting values from tho above in equations (7-1) to 

(7-3) and dropping subscripts for Eot and Kj 

(since 3g, and » K^^) 

3i% sisi 
BA, “ 

1 or rracs 1 slAlEniVZ 2slL^ 

« 1 (14) 

Eisi siAi - . ..~n. ■■ —I—«-?;—,f «* i 
EI1 

(15) 

Eixi siAi 
“xi siAiIcf 

(16) 

Dividing (IS) by (15) xm obtain 

- rJ- „ Kn -S7 

Eliminating from (14) and rearranging 

3ji 
E s* 

KT (17) 

Dividing (M) by (15) vm obtain 



We may obtain similar equations for the drill collar 

transformation. 

E2s2 
Eso 

K, 

Now since 

I* A x2 a2 v2 

*2 A2 * 

(18) 

I£ D£4-di4 f2 

-Dl. +dl n!2 2 A1 “dl 

then 

D!
2 + d! 

*1 l 

and 

A* = K2 -2d’ 2 
1 Ax / 1 

In the same way we may obtain 
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Solving (13) for Sg» substituting above values for and 

Ag, substituting for s^A^ and pg for s^A^, we obtain 

an expression for sj> which will be written below. 

Relations for and Eg may be obtained directly from (17) 

and (18). The relation for s^ (specific gravity of 

liquid inside pipe model) is obvious. 

The final equations are 

t 
Di = 

11«? -<2 

ST 

D2 “ 
'*2 K? -d*2 

s2 * 

E, 

I a2 1 

K2-2a!2 

P2 *1 ' 1 

Pli2K2 m*2 
A2 

K/ _2d2 

E * 
i* si K/ 

t E » 
E2 “ s2 

S2 K/ 

K n 
1 

\T 

(19) 

JL r,2 „ • 2 
A1 l 1 

(a—1) |-g 1.1.I.Iup 
-*1 

It must be remembered that these are for transformation 

from the intermediate string to the model. 
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CHOICE OF MATERIALS FOR DRILL PIPE AND DRILL COLLARS 

It was decided to use a 40 to 1 scale reduction or 

™ 0.025. 

The ratio of modulus of elasticity to density of 

the pipe model is immediately obtainable from (19) 

22 

-r » 131,400 lb./in.2 

S1 

A tabulation of the necessary dimensions and 

properties of both pipe model and collar model was made 

for various bores of both pipe model and collar model. 

An examination showed that nothing would be gained by 

making the collar model hollow. Data from this tabu¬ 

lation for a solid collar model are plotted in Fig. 4. 

It may be noted that the collar model must be much denser 

than the pipe model except for unreasonably thin wall 

sections in the pipe model. It appears that a pipe model 

bore of 0.060 in. gives about the most reasonable 

dimensions and properties. Complete specifications for 

this bore are 

d£ = 0.060 in. 

= 0.128 in. 

d2 =0 

» 0.169 in. 

(20) 
E 

91 

t 

= 131,000 lb./ini 

= 0.60 

Ei 
sr 
S1 

t 

s’ 

419,000 lb./in 

1.23 
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Some of the commercial plastics are available in 

1/8 in. by 1/16 in. tubes with specific gravities in the 

range 1.1 to 1.4 and with values of § in the desired 

range. A plastic of the required specific gravity for 

the collar may be produced by adding weighting materials 

to a standard plastic. Liquids are available of the 

desired density for use inside the pipe model. 

SIMILARITY IN TOOL JOINTS 

The increased section at the tool joints in the full 

size string is distributed over a 29 in. length. Talcing 

the actual sections and numerically integrating we obtain 
 4 A 4 

a value of average OD -ID of 862 in. and a value of 

average OB^-Ii)^ of 19.7 in? For the model we find that 

the mass of the pipe section should be increased 2.52 

times for a length of .72 in. This mass should be con¬ 

centrated at a diameter of 0.122 in. Since the outer 

diameter of the pipe model is 0.128 in. this means that 

the extra weight should be distributed in the body of the 

model. This could be done by making the pipe model in 

9 in. sections (one to represent each length of drill pipe) 

and join them together with light metal connectors having 

their weight distributed to make their radius of gyration 

have the desired value. However, it would be simpler if 

the drill pipe model were a single piece of tubing and 

metal sleeves could be cemented on every 9 in. to simulate 
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the tool joints. A brass sleeve 0.72 in. long with 

0.007 in. wall section will add the desired mass but 

would put the diameter of the added mass at 0.135 in. 

instead of at 0.122 in. as required for true similarity. 

While this is an appreciable difference, the over-all 

mass moment of inertia for a full joint (pipe plus tool 

joint) will be only 5 per cent higher than if the 

special connectors were used. Since the error is 

slight and will affect only torsional vibrations we 

shall use this simple design. 

SIMILARITY IN DRILLING LINE 

We have chosen 1-1/4 in. steel cable for our 

drilling line with 100 ft. between crown block and 

traveling block and 8 lines strung between them. Since 

both ends (dead end and end to hoisting drum) come to 

the derrick floor, there is actually 1000 ft. being 

stretched when load is put on the traveling block. We 

shall simulate this drilling line with a line made up 

of a number of fine strands so that flexural rigidity 

will be negligible. Let Eg Ag be the product of modulus 

of elasticity and cross sectional area in the model line. 

Also let pg be the weight per unit length of the model 

line. The ratio of P3 to the weight per unit length of 

the drill pipe model will then be the same as the ratio of 

the weight per unit length of the 8 lines in the full 
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size string to the weight per unit length of the full size 

drill pipe. The desired value of pg may thus be directly 

calculated from equations (20) and data from the specifi¬ 

cations. A similar procedure may be used in calculating 

Eg Ag except that it must be noted that the two ends of the 

drilling line stretch as well as the 8 lines between crown 

block and traveling block and thus the value of Eg Ag 

should be calculated as though there were eight-tenths of 

8 lines strung in the derrick. The drilling line may be 

simulated by using enough strands of nylon filament to 

make Eg Ag right and then weighting the assembly to get pg 

right. No numerical computation will be made because the 

final result will depend on the exact dimensions and 

properties chosen for the drill pipe model. 

SIMILARITY IN DERRICK 

As noted in the specifications the shortening of the 

derrick would be about 7/8 in. for 200,000 lb. load. The 

lowering of the traveling block due to stretch of the 

line for the same load would be 3.44 in. Thus approxi¬ 

mately one-fifth of the up and down motion of the kelly 

is due to strain in the derrick and the remaining four- 

fifths to the strain in the drilling lines. T/e shall 

simulate the derrick elasticity by using a rigid derrick 

in our model and reduce the modulus of elasticity in the 

drilling line by 20 per cent. 
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DESIGN AND OPERATION OF MODEL RIG 

The model, which will be about 100 ft. long, will be 

set up in a suitable derrick. The general structure is 

shown in Fig. 5. The wall of the hole will be simulated 

by 7/32 in. bore by 1/2 in. long steel cylinders or rings 

spaced opposite each tool joint. Each cylinder will be 

welded to a 1/8 in. diameter rod which will be adjustably 

mounted to a 3 in., 4 lb. standard channel iron. This 

channel will serve as the main structural member and will 

be fastened to the derrick framework so that it can be 

inclined to about five degrees. A horizontal plate 

mounted on the top of the channel will support a small 

variable speed motor and the rotary table. The motor 

will be mounted so that it may serve as a dynamometer for 

indicating torque. 

Four steel pins in a light metal sleeve on the kelly 

fit in longitudinal grooves in the bore of the rotary 

table spindle. Thus the kelly will be free to vibrate 

axially as it is rotated by the table. 

The drilling lines will hang from a structure built 

up about 2-1/2 ft. from the table. Strain gages mounted 

on a plastic strip just below the lines will be used for 

reading weight on bit. This will be done by the usual 

method of calculating weight from the difference in gage 
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readings when the string is in normal operation and when 

it is rotating off bottom. 

Details of the vibration exciting mechanism are 

shown in Fig. 6. The end of the steel sleeve A has 10 

equally spaced radial ridges and the mating surface on 

brass block B has 6 similar ridges. As these tv/o surfaces 

rub on each other 30 axial vibrations are produced each 

revolution of the drill stem. The adjusting screw C 

varies the amplitude of the vibrations. Thus the axial 

vibration due to rock bit cutter teeth rolling on bottom 

is simulated. 

Uniform torque may be varied by adjusting the 

pressure between the three brass springs D on the sleeve 

A. Cyclic application of torque may be varied by 

adjusting the pressure of the springs E on the pins F. If 

pressures are uniform, twisting impulses will be applied 

with no bending impulse. If pressures vary there will 

also be bending impulses. 

In the actual study of the vibrations, no definite 

plan can be outlined. Probably the best approach will be 

to run the model under varying conditions, record all 

observable data and study them to see if there are 

abnormalities. We might, for example, hold weight on bit 

constant and plot torque against rotary speed. If it is 

not a smooth curve the motion of the string under the 

conditions where the abnormalities were found should be 
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studied more thoroughly. Conditions might be found under 

which surface vibrations are similar to those found in 

actual drilling operations and, if so, they should be 

carefully studied. The taking of high speed motion 

pictures (1000 to 3000 frames per second) is expensive 

and the analysis of results from them is a tedious 

operation. Probably a large number of high speed 

pictures will eventually have to be taken but it may be 

that a careful visual study will eliminate many 

unnecessary photographs. 

CONCLUSIONS 

This investigation indicates that building a 

1/40^ scale model drilling rig for making vibrational 

studies is practicable. Exact dimensional similarity 

cannot be obtained between a drill stem rotating in mud 

and a model rotating in air. However, reasonable 

similarity may be obtained if the drill pipe model is a 

plastic tube with liquid inside and the drill collar 

model is a solid plastic rod loaded to have about 3-1/2 

times the specific gravity of the pipe model. 
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SPECIFICATIONS FOR FULL SIZE STRING 

Well 

Depth 4,000 ft. Hole diameter 9 in. 

Drill pipe 

4-1/2 in. 16.60 lb. grade D 

4.500 in. OD by 3.826 in. ID 

A = 5.612 in? I = 195.8 inf 

Over-all length per joint 31 ft. (includes 

tool joint) 

Over-all length of pipe in hole 3,550 ft. 

Tool joints 

4-1/2 in. Flash-Weld Xtra-Hole 6 in. OD 

Over-all length 29 in. (includes pipe upset 

on each side) 
O 

Average A over this length 19.7 inr 

Average I over this length 862 inf 

Drill Collars 

6-3/4 in. OD by 2-1/4 in. ID 

A = 40.50 in? I « 2,050 inf 

Over-all length of drill collars 450 ft. 

Kelly 

4-1/4 in. square on outside, 2-3/4 in. round bore 

Length 40 ft. Weight 1,690 lb. 

Swivel, Traveling block, etc. 

Over-all weight 15,000 lb. 
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Drtlllng line 

1-1/4 in. regular lay - T7eight per ft. 2.5 lb. 

Effect!vo area 0.779 la? 

G 
Effective modulus of elasticity 14 :r 10 Ib./ia 

8 lines strung between crown block and traveling 

block 

100 ft. between crown block and traveling block 

Over-all length of line 1,000 ft. (includes 

100 ft. to anchor on one end and 

100 ft. to hoisting drum on other end) 

Derrick 

135 ft. high 

7/8 in. shortening due to application of 

200,000 lb. 

Mud 

10 lb. por gallon 

Specific gravity 1.2 

*
£
4>
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FIG. 2 

HUGHES 9" TYPE OWS TRICOME ROCK BIT 



FIG. 3 

HUGHES FLASH-WELD 
XTRA-HOLE TOOL JOINT 

ON IN. PIPE 



sj, = Specific gravity of collar model 

= Bore of pipe model - in. 

D^ = Outside diameter of pipe model - in. 

= Modulus of elasticity of pipe model lb./in? 
2 

Eg = Modulus of elasticity of collar model lb./in. 

s^ = Specific gravity of fluid inside pipe model 

E* 
— = 131,400 lb./in? Si 

Dg = 0.169 in. 

FIG. 4 

PROPERTIES OF PIPE AND COLLARS FOR 

1/40 SCALE MODEL 



FIG. 5 

MODEL RIG 

SCALE |’ = l 






