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An Analytical Study of the Effects of Menufactoring Variations 
on Screw Rotor Profiles and Rotor Pair Clearances 

J. Souls, La Crosse/USA 

Zusammenfassung 
Une Sunulalion von I?Uiorprofllher.wellung wird verwende!, um die /ffekle von Varianlen 
in einigenlJearbeilung5paramelem auf l?o!Oipro(tlfonn und der Spalle der i?O/orpaare ::u 
beschreiben Abweichungen in Achsabsland ::wischen Werk::eug und Ro10r. der 
l~·in.wellungswinkel des Werk::euges. die SI eile des Werk::euges an seiner Arbeilsspindel und 
die Hers/ellungss/eigung werden analysierl. Auch behande/1 werden die Auswirkung der 
Her.l· fellungsvarianlen aufder Auslegung der l?olorprojile und der Gebrauch von 
einfachen s/a/islischen Analysen um die !Jfekre der kombinierlen Abweichungen auf 
lypischen Produkl ionsquanlilälen ::u s/udieren. 

Summary 
A simula1ion ofrolor profl/e manufacruring is used 10 describe 1/i e eßecls ofvarialions in 
several machining paramelers on rolor projile shape and subsequenlly on 1he c/earances 
ofrolor pairs. Varia/ions in lhe dislance belween lhe 1ool and rolor nxes, se/f ing angle of 
lhe lool, lhe posi110n of!he lool in ils .ljJindle and lhe manu(acfw·ing Iead are analy::ed. 1/ie 
impacl ofmanufac/uring varitl/ ions on lhe design of!he rolor proflies and 1he use ufsimple 
.1'/CIIiSIIca/ onaly ses Iu sludy lhe effecls o( cumbmed manujacluring devialiuns un 1ypical 
produclion quanlifles are also discussed. 

1.0 lntroductioo 
Mathemati ca l models for computation of cutting tool profi les from screw rolor Iransverse 
plane da ta and fo r the computation of the rotor profi les given the tool plane profil e can 
prov ide both the rotor manufacturer and the compressor designer wi th imporlant 
infonhation. A parti cular form of tool and rotor pro fil e ca lculation theory developed by 
Stos ic' , et a l / 1/ has been used to study the effect ofvariations in manufacturing 
parameters on the shape of the rotor profi le. Theori cs of mutual computation of tool and 
rotor profi lesareweil known and widely used th roughout the screw compressor industry 
and studies s imilar to those reported here have been carried out by others. However, to the 

author's knowledge the results of such studies have not been widely distributed due to 
contractua l or confidentia lity considerations. This paper reports on the methods applied at 

the author's company for a parti cular rotor design. 

T his report shows how vari ations of se lected manufacturing parameters from their nominal 
va lues affect the shape ofthe rotor profi le. In fo rmation from thi s work can be used in two 

ways. First, the computed dev iations in profi le form can be used by the rotor 
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manufacturer to demonstrate where parti cular profi le erro rs can come from and what form 
ofadjustment to the machine tool could be used to improve the shape ofthe fini shed rotor. 
The rotor designer can also use the simula tion to include information about manufacturing 
process capability in the se lect ion ofroto r pair c learances. Accuracy and repeatabi li ty data 
from the machine tool manufacturer or from manufacturing experi ence can be analyzed in 
terms of rotor profil e deviations. Rotors with particular deviations can be paired to show 
the effects on intermesh clearances and stati st ica l methods can be used to de termine the 
appropriate profile modifications to provide both re liable and efficient designs. 

There are numerous parameters that affect the final form of a rotor fini shed by milling or 
gri nding processes. In add ition to the shape of the cutting tool itse lf, there are tool setting 
angles and positions as illustrated in Figure 1.1. The locat ion of the tool a long the machine 
spindie (Z t), the di stance between tool and workpiece axes (R), the settingangle ofthe 

too l (ß), the s lant of the wheel (tnjJ), runout ofthe wheel and rotor, and Iead -- the 

combined deviation in tool translation (Zpr) and workpiece rotation ( <p) -- a ll vary within 

particular tolerances and each vari ation contributes to deviation in the fini shed rotor. 

Spindie 
Axis 

/ vct 

Figure I, I Screw Rotor Profile Manufacturing Parameters 

lft he eight parameters mentioned above are ana lyzed at onl y max imum and minimum 
va lues, 256 rotor profiles and over 65,000 rotor pairs could be generated. Thus, this paper 
will present analysis of profi le fo rm variations lim ited to deviations in center di stance R, 

Sett ing angle ß. tool locat ion Zt and Iead. Se Ieeted rotors wi th deviations are then pa ired 

analytica lly and results of the analys is are used in a stati sti ca l assembly study to show 
how appropriate profile designs can be defined. 

2.0 Ca lculation Methods 
The rotor manufacturing ana lys is uses four separate computer programs. Theseprograms 
and the now of data between them are illustrated in Figure 2. 1. First, the theoreti ca l profile 

form s (x'"' Yp,) formale and female rotors wi th appropriate modifi cations for in te rmesh 
clearance of the pair are computed (program A ). A second program (B) ca lculates the 
theoretica l tool form (x.,., y0 ,) which would define the shape ofa milling cutter or gri nding 
wheel profi le. A manufacturing simulationprogram (C) is used to compute the rotor 
profi le from the tool data . This program a llows speci fi cation ofvariations in the tool form , 
setting angle, tool -to-rotor center di stance, tool location on the spindie and runout. T he 
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rotor profile generated by this simulation is compared to the theoretica l shape in program 
D, the computational equiva lent of a coordinate measuring machine. The profile deviations 
can be retumed to the rotor designprogram (A) to use in computa tion of the c learances 
between male and female rotors with the effect of deviations included. Finally , information 
about the rotor profi le tolerances based on the manufacturing simulation can be used in a 
stati sti ca l assembly ana lysis ( program E) to demonstrate the characteristics of rotor pairs 
made in typical production quantities . 

Program A 
Rotor Design 

,._ ___ Transverse Plane Profil e ProgramE 
Clearance Analysis ----1~~ Statistical Assembly 

Analysis 

Program B 
Tool Plane Profile 

' Program C 
Rotor Manufacturing Simulation 

' Program D 
Profile Comparison 

Figure 2. 1 Manufacturing Simulation Programs and Data Flow 

3.0 Effects of Manufacturing Variations on Rotor Profile 
A ll analyses are carri ed out for a rotorpair with a 246mm diameter, 5 lobe male rotor and a 
2 17 mm diameter, 7 lobe female as illustrated in Figure 3.1. The locat ion of points at which 
key roto r-to-rotor (or ' intennesh ' ) clearances are defi ned area lso shown. These pointsare 
used in Section 4 when the effects of individual rotor manufacturing deviations on rotor 

pair characteri stics a re described. 
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Figure 3.1 Rotor Pair and lnspection Point Defi nit ions 

Manufacturing vari ation effects on indi vidual rotors are computed lor se lected parameters 
using the rotor manufac turing simulationprogram (C). The 'computer manufactured ' 
profi les are compared to the nominal using the profi le compari son program (D). 
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Variation in the foll owing pararneters are considered in the remainder of thi s report: 

R Distance between the cutting tool and workpiece centerl ines; 

13 Tool setting angle; 
Z t Location ofthe cutting wheel on the machine spindle; 

L Lead (dZ pr I d<p) 

Variations in these parameters are examined one at a time so that the unique characteri sti cs 
of the variation of each parameter on the shape of the rotor profil e can be c learly seen. 

The magnitude ofthe deviation in each parameter is selected to produce a maximum rotor 
profile devia tion of ± I OJ.im. In practi ce, of course, the analysis would be carri ed out using 
estimated or measured manufacturing capabi lity data . 8 oth positive and negative variations 
are computed. In each case, male and female rotors are ana lyzed. Results fo r the four 
parameters li sted above are di scussed brie fl y in Sections 3. 1 through 3.4, respecti vely. 

3.1 Tool-to-Rotor Center Distance 
Rotorprofil evariations that come from moving the tool closer to or farther from the 
workpiece areeasy to imagine. At the rotor root and outside diameters, the profi le 
variation is equal to the center di stance vari ation. Between these sections, the profile 
dev iation is less than the change in center di stance by an amount dependent on the slope of 
rotor fl ank. Figure 3.2 shows pro fil e deviations for changes in center di stance of ± I O~tm . 

'. \ 

I 

I 
:t 10 J.im 

Figure 3.2 Effect ofTool-to-Rotor Center Di stance (R) 

The information shown in Figure 3.2 is arranged according to the following fo rmat: female 
rotor profi les ((xp" Yrrl Coordinates-see Figure 1. 1) areshownon the top row with male 
profil es below. The nominal profile is shown with the centerline sty le. Profil es that 
represent nomina l ± IOJ.im are shown with the dashed lines. The profile computed with 
deviation is the heavier, solid line. Profiles computed with a positive deviation in the 
manufacturing parameter being considered are shown on the left side of the fi gure. The 
effects ofnegati ve dev iations areshownon the right side. The profile wi th deviation is 
plotted wi th the differences between the nominal and deviation forms magnilied 600 Iimes. 
T his formatti ng applies to Figure 3.2 through Figure 3.5. 
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3.2 Tool Setting Angle 
Nonna lly, the tool is designed to cut through the rotor when set at an angle equal to the 
rotorheli xangle measured at the pitch line. The maximum variation in rotor profile reaches 
I Ofim for deviations in settingangle of ±0.029° for both the male and Fernale rotors. The 
e ffect of settingangle va ri ation is shown in Figure 3.3. 

I, 
I' 

Figure 3.3 Effect ofTool Setting Angle (ß) 

3.3 Location of the Cutting Tool on its Spind ie 
The origin of the tool profile coordinate system PP as shown in Figure I. I must be located 
on the same plane as the workpiece axis (Z pr in Figure 1. 1 ). This point can move up and 
down along the spindie ax is (Zt in Figure I) because of deviations in the wheel, spindie and 
in the positioning variables which may be shims or programmable settings. Figure 3.4 
shows the effects of deviation in the location of point PP along the spindie axi s. Profile 
errors of I Ofim are generated when the tool location varies ± I 50 firn for the male rotor and 
± II Ofim for the le male. 

Figure 3.4 Effect ofTool Location on Spindi e (Zt) 

3.4 Lead 

Thc Iead at which the rotor is made is detenni ned by rotation of the workpiece (cp in Figure 

1. 1) and translation of the tool relative to the workpiece (Zpr) . When thi s Iead varies from 
the nominal value for which the tool form was designed, the profi le shape is changed. 
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Figure 3.5 shows the effect of a Iead variation of ±20!lm, resulting in the target I 011m 
profile deviation. 

/ . 

Figure 3.5 Effect ofManufacturing Lead Variation 

4.0 Rotor Pair Analyses 
Computation ofthe effects of deviations in the manufacturing variables provides useful 
information for the manufacturing operation. Errors in machine setup can be found by their 
characteristic efTects on the shape of the rotor profiles and appropriate adjustments can be 
made. The analyses arealso useful to the designer. It is necessary to provide proper 
clearance between the rotors fo r efficient and reliable operation. Clearances must be small 
enough fo r low leakage losses, but large enough to avoid undesirable contact leading to 
rotor damage. The designer must consider the effects of the Operating conditions on 
changes in shape and position of all of the parts, but must also take into account 
manufactu ring variations. 

The intennesh clearance concept and definitions of terms are ill ustrated in Figure 4. I. 

(a) (b) 
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Figure 4.1 Defi nitions of lntermesh Clearances 
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When the rotorpair is viewed in the direction of its normal rack, the meshline appears as 
shown in F igure 4.1 a. T his is the view seen when rotorpair are inspected where c learances 
may be measured with a fee ler gauge as shown in 4.1 b. Figure 4. lc shows a typical 
characteri stic when clearances are plotted as a function of di stance along the meshline. 

The first step in designing proflies with consideration of manufac turing variability is to 
determine the e ffects of the these variations on the c learance characteri stics ofa rotor pair. 
In thi s section, various rotorpair are assembled analytically from male and female rotors 
with selected deviations computed as described in Section 3. F irst, a rotorpair is de flned 
with the c learance characteri sti c shown in Figure 4.2. The centralline (centerline fom1at) 
shows the clearances for nominal profl ies and the dashed lines above and below show the 
case for rotors with uniform ± I 011m material. 
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Figure 4.2 Meshline Clearances fo r Nominal ± I Üf.!m Rotors 

Of interest are clearance characteri sti cs with rotors whose shape vari es non-uniformly as a 
result ofthe manufacturing deviations computed in Section 3. 

First, clearances for a female rotor with a -Zt deviation paired to a male with a +Zt 
deviation (profiles as defined in Section 3.3) are shown in Figure 4.3. This combination 

reduces the clearance near the target contact reg ion (ip07) in the direction of the outer 
diameter (towards ip05) of the male rotor. 
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Figure 4.3 Computed Effect of -t.Ztrcm•Jc and +ö.Ztmolc 
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This analysi s immediate ly shows the value ofthe computerized manufacturing simulation. 
Even though the individual rotor profiles computed with the Zt deviations li e within the 
assumed target tolerance band of ± I ÜJlm, the rotorpair have unacceptable meshing 
characteri stics -- in this case a contact that has moved away from the target location. 

Because ofth is, a modification to the nominal c learance distribution is made by changing 
the shape of the male rotor in the vici nity of ip07. With this moditi cat ion, the intermesh 

clearances with the Zt deviations as before are as shown in Figure 4.4. 
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Figure 4.4 Mod ilied Profile with -8.-Ztrcm"lc and +8.-Z tnuoic 

1.0 

in thi s case, the contact zone remains in the target location aro und ip07 and the minimum 
clearance between ip07 and ip05 is very nearly at the origina l protile target. 

Figure 4.5 shows the effect of manufacturing Iead variation on the pair characteristi cs. 
Here, there are two computed clearance di stributions displayed. With Iead variation on 
both rotorssuch that there is a maximum error in relative Iead, there will be contact at ip07 
at onl y one end ofthe rotors, the case shown with the dark , solid line. T he data plotted 
with the c irc le symbols shows the effect on clearance at the oppos ite end where the full 
relative Iead error is seen as a 2011m clearance at ip0 7. 
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Figure 4.5 Effect of Manufacturing Lead Variation 
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Using on ly the individual rotor dev iations computed in Section 3, there were 17 pair of 
rotors stud ied, on ly 3 ofwhich are presented here. While each of the other rotorpair 
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clearance characteri stics cannot be presented separate ly in thi s report , it is interesting to 
Iook at the tota l range of clearance poss ibilities. This range is shown in Figure 4.6. 

T he dark, so lid lines show the enve lope of a ll of the rotorpair c learances cornputed. 1t is 
irnport ant to note tha t thi s represents only a small portion o f the tota l number of possible 
cornbinations. The data plotted with the c irc le symbo ls shows the enlargement of the 
envelope when the effect ofthe maximumrelative Iead error is considered. 

Without the re lative Iead effec t, we can see that the rotorpair clearances alllie weil wi th in 
the range that would be genera ted fü r rotors with profl ies that vary from uni fo rrnl y + I O~m 
to - I O~m . In fact there are no individual manufacturing vari ations (except for appropriate 
shape va ri ations in the tool form itself) that would produce a pro fil e at precisely the 
nominal shape shi fled ± I O~m . 
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Figure 4.6 Range of Rotor Pair C learances für Vari ations in Parameters Sludied 

5.0 Statistical Rotor Pairing Study 
Results from an analyti ca l rotor manufac1uring study can be used to deterrnine profil e 
modi fi cations for acceptab le rotor c lea rance characteri sti cs . As noted in thi s report , there 
are many parameters that contri bute to the shape of each rotor pro fil e. Furt her, s ince 
roto rs are paired, the tota l number of parameters a ffecting clearances is doubled. Thus, it 
seems appropriate to consider stati sti ca l methods toset e ilher the rotor c learance for a 

g iven center di stance or to determ ine the center di stance for a particular rotor pai r. 

A stati stica l rotorpa ir assembly model was wri tten using the Mat hcad® 7 program. 
Rotorsare assurned to be made with profil es that vary ± IO~rn at ip03 , ip05 and ip07 with 
an additional IO~m variation due to re lati ve Iead error. Assern bly analyses were run 
assurn ing that the profil es varied wi thin these to le rances wi th both normal and un ifo rm 

distribut ions across the to lcrance band. 

Here, the ana lysis is used to find the minimum a ll owable center d istance for rolor pair with 

the assumed clearances. A center di stance was assumed and a tota l of I 0,000 trial 
assemblies were generated. lntennesh clearances at 1pOJ and 1pOS were checked tor 
possible negati ve values (unacceptabl e assemblies) . The appropriate center distance was 
assumed to be that at c learance at ip05 is a lways greater than zero and where no more than 
5 assemblies out of 1,000 have clearance less than zero at ip03. The clearance at 1pO l was 
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a lways greater than or equa l zero since all ana lyses we re fo r rotors rotatedto be in contact 
at thi s point or o ffsei to positive clearance by the e ffect of the re lati ve Iead error. 

At the design center distance for which a ll ana lyses in Section 4 were carried out, the 

nomina l clearance at ip03 is 55 !im with a minimum of zero if re lati ve Iead e rror is added to 
the minimum clearances shown. Thus, the no mina l center di stance is the minimum 

a llowable fo r thi s ' worst case ' ana lysis. 

lf profil e and Iead dev iations are assumed to have a uni fo rm di stribution across the ir 
assumed tolerances, the analyti ca l statisti cal assembly study shows that the center 
distance can be reduced by 18!!m with the mean value for c learance a t ip03 being reduced 

to approximate ly 40!!m. This means that average performance of production compressors 
would increase. 

Then, if the profil es and Iead were assumed to have anormal di stribution within the ir 

to le rance bands, the stati stica l asse mbl y study shows that the a pplied cente r distance 

could be reduced by 33!!m. in this case, the mean clearance at ip03 is 25 !!m, representing a 
potenti a l fo r even higher pe rformance. The Mathcad cha rt for the assernbli es with center 

distance red uced by 33!!m is shown in Figure 5. 1. This chart shows the resul ts for both 
the uni fo rm (line) and normal (columns) di stributions. 
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Figure 5. 1 Statistica l Assembly Results at -33 !lm Cente r D istance 

This last example illustrates both the advantage o fusing the sta ti sti cal assembly approach 

and the importance of hav ing accurate information about the manufacturing capabilities to 

use in the assembly Simulat ions. The analysis for a 33!!m reduction in center di stance 

resulted in an acceptab le condition (no more than 5 unacceptable assernblies per I ,000 

tria ls) fo r the ass umed case of normal d istribution of dev iations. However, as seen in 

Figure 5. 1, if the variations in partsare uniform ac ross their to lerance bands, there are 

many assern blies wit h c lea rances below zero. ln fact, the re would be more than 70 

unacceptable rotorpai r per I ,000 samples in thi s case. 
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6.0 Summary and Conclusions 
A simulation of screw rotor profile manufacturing is used to demonstrate the deviations in 
rotor profile shape that are characteristic of variations in particular manufacturing 
parameters. Rotors with the computed deviations are then paired analytically to illustrate 
how selected profilevariationswill effect the clearance characteri stics of a rotor pair. This 
analysis shows that even rotor profiles made to to lerances that would appear under simple 
analysistobe sufficient for good rotorpair may in fact Iead to unacceptable rotor pairs. 

Computed rotor profile and clearance characteristics are then used in a simple statistical 
analysis. Results ofthis study show that k.nowledge of manufacturing process capability 
and tools to use this information in manufacturing and assembly analyses can Iead to 
improved performance (lower applied clearances) without the ri sk of reliability problems 
associated with assemblies whose clearances are too low. However, the ana lysisalso 
shows that application ofthe stati stical assembly method with informationnot 
represe:ltative of the actual manufacturing processes can Iead to undesirable results. 
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