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The practical pumping speed of a dry pump is considerably lower than the intrinsic speed 
because of back-streaming through finite gaps of the rotor assembly. The maximum 
compression ratio and the ultimate pressure of the pump are also directly influenced by the 
back-streaming rate. Therefore, information on the gap conductance, which determines the 
back-streaming characteristics of the rotor assembly, is the most important key for estimating 
the pumping performance of a dry pump. In this paper, the feasibility of calculating analytically 
the pumping performance of a multi-stage Roots pump, one of the most popular types of 
dry pumps, by quantifying the gap conductance in a rational way, is discussed.

Keywords : Roots pump, Gap conductance, Back-streaming, Multi-stage

* [E-mail] srin@kaeri.re.kr

I. Introduction

While it was invented as a blower and compressor 

by the Roots brothers in the 1860s, Roots pumps have 

been used as the main low vacuum pumps in 

extensive vacuum systems [1]. The Roots vacuum 

pump works when two multi-lobe rotors rotate in 

opposite directions. There are minute clearances 

between the rotors, and between the rotor and 

cylinder casing, to guarantee oil-free operation as 

well as a good vacuum (see Fig. 1).

The intrinsic pumping speed of a Roots pump is 

simply the gas displacement rate, obtained by a 

multiplication of the rotor pocket volume by the 

revolution speed. However, the practical pumping 

speed felt at the pump entrance is lower than the 

intrinsic speed because of back-streaming through 

the finite gaps. The maximum compression ratio and 

the ultimate pressure of the Roots pump are also 

directly influenced by the back-streaming rate. 

Therefore, information on the gap conductance, 

which dominates the back-streaming characteristics 

of the rotor assembly, is the most important key for 

estimating exactly the pumping performance of the 

Roots pump.

There are two difficulties in obtaining a reasonable 

value of gap conductance: first, the shape (gap 

distance and duct profile) changes angle by angle: 

second, the conductance basically depends on the 

non-uniform pressure in the duct.

In this paper, the feasibility of estimating 

analytically the pumping performance of the 

multi-stage Roots pump, such as the pumping speed, 

maximum compression ratio, and ultimate pressure, 

by quantifying the angular dependency of the gap 

conductance in a rational way, is discussed.
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Figure 1. Cross-section of a rotor assembly and cylin-
der casing of a Roots pump. There are three
paths of backward gas flow: ① rotor-rotor,
② rotor lobe tip-cylinder curved side wall, 
and ③ rotor plane-cylinder base wall.

Figure 2. Simplified short curved channel assuming 
locally circular arcs and serial rectangular 
slots.

II. Gap Conductance Analysis

Calculation of the gap conductance first requires 

information on the channel cross-section as a 

function of the rotation angle. It is very difficult to 

treat analytically or numerically the channel with the 

variable profiles (non-flat nor non-circular) of a 

rectangular cross-section to calculate the conductance 

in a reasonable way [2-4]. Approximating the channel 

as a composite duct of serial infinitesimal rectangular 

slots with variable height, and replacing the local 

non-circular profile of a truncated short channel 

with a circular arc of a curvature defined at the 

midway of each channel unit can help us obtain the 

conductance analytically without a large error (refer 

to Fig. 2). If the minimum gap of a channel is on the 

order of 0.1 mm, calculating the conductance of the 

total channel length of 10 mm can give a saturated 

value. 

Other problems of a non-uniform pressure 

distribution and the dependency on the pressure of 

the conductance can be solved using a universal 

conductance formula covering both molecular and 

viscous flow regimes [5,6].

As the first step for calculating the gap 

conductance in the manner mentioned above, the 

minimum gap distance between the two rotors (path 

① in Fig. 1), and the local curvature, as functions of 

the rotation angle, are obtained numerically using 

the coordinate data of the rotor profile. The gap 

conductance is then calculated analytically for each 

rotation angle, and averaged over one revolution.

The gap clearances between the rotor and cylinder 

walls can be safely assumed to be constant. The 

typical value is 0.06 mm for both gaps of the lobe 

tip-cylinder curved side and rotor plane-cylinder 

base (paths ② and ③ in Fig. 1). The gap conductance 

in the former case can be treated in the same manner 

as the rotor-rotor gap, although the curvatures are 

unchanged regardless of the rotation. The gap 

channel of the latter case may be considered a 

rectangular slot with the duct length of an average 

rotor diameter.

Fig. 3 shows the configuration of the 3-lobe rotor 

assembly with the prototype involute profile to be 

analyzed. The profile is actually composed of a 

truncated involute line for the ridge region, 

generated using an involute function, and two 

circular arcs for the lobe tip (convex) and dip 

(concave). While the convex involute line intermeshes 
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Figure 3. Profile of the rotor set to be analyzed is gen-
erated using a truncated involute line and 
two circular arcs with different curvatures.
The line of solid rectangular symbols is the 
locus of the contact (nearest) points of the 
two rotors, showing a typical figure-x, in-
dicating intermeshing of involute lines (cf. 
that of cycloid lines resembles a figure-8).
The dimensions are given in mm.

Figure 4. Variations of the minimum gap distance and 
gap conductance between two rotors with re-
spect to the rotation angle. The start of rotation
(0o) is identical to the configuration in Fig. 2.

with the opposite convex involute line, the circular 

arc lines match with each counter arcs. The locus of 

the nearest approaching points of the two rotors 

shows a distinct figure-x of intermeshing involute 

curves. The pocket volume, formed between the two 

lobes of the rotor and the cylinder casing, is 0.00927 

L for a width of 1 cm, and the displacement volume 

of the rotor assembly per revolution is 6-times this 

value.

Fig. 4 summarizes the results of the profile 

analysis, including the gap distance and gap 

conductance between the two rotors with the 

prototype profile at a back pressure of 1000 mbar and 

compression ratio of 10 for a rotor width of 40 mm. 

The gap distance is in the range of 0.12∼0.128 mm, 

and has relatively larger deviations from the average 

value, especially around the transition region 

between the involute and circular arc lines. The 

average gap distance is 0.124 mm, and the average 

gap conductance is 0.9 L/s.

If the back-pressure is changed within the 0.01∼

1000 mbar range, the conductance through the 

rotor-rotor gap varies from 0.066 to 0.9 L/s. Under 

the same conditions, the gap conductance values of 

the lobe tip-cylinder side and the rotor plane-cylinder 

base are within the range of 0.023∼0.39 L/s and 

0.014∼0.26 L/s, respectively.

III. Pumping Performance Estimation

The balance of the gas flow in the rotor assembly 

is expressed as follows;

SpPi=S0Pi-Sg(Pb-Pi)=S0Pi-SbPb (1)

Here, Sp is the pumping speed, S0 is the intrinsic 

pumping speed, Sg is the gap conductance, Sb is the 

back-streaming speed (usually Sb≈Sg), Pi is the 

pressure at the intake side, and Pb is the pressure at 

the back side.

From Eq.(1), the pumping speed can be seen to be 

related with other known parameters, as shown in 

Eq.(2).
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Figure 5. Intrinsic and practical pumping speeds as 
functions of the revolution speed for several
back pressures. The compression ratio and 
rotor width are fixed at 10 and 40 mm, 
respectively.

Figure 6. Maximum compression ratio as a function of
the revolution speed for several back 
pressures.

Sp=S0-Sg(K-1)=S0-SbK, (2)

Sp
=1-

K
,

S0 Kmax

K=
Pb

, Kmax=
S0

, K≤Kmax
Pi Sb

Here, K is the compression ratio in a certain 

situation, and Kmax is the maximum compression ratio 

of the rotor assembly when the gas flow (or the 

pumping speed) is assumed to be zero. 

From Eq.(2), the pumping speed is determined by 

subtracting the back-streaming speed, weighted with 

the compression ratio, from the intrinsic pumping 

speed, which is obtained by multiplying the pocket 

volume by the revolution speed of the rotor. 

Fig. 5 is the calculated pumping speed of the 

prototype rotor assembly as a function of the 

revolution speed at several back pressures with a 

fixed compression ratio of 10 and rotor width of 40 

mm. The pumping speed is linearly dependent on the 

revolution speed, with the same proportional constant 

regardless of the back pressure, because the back 

streaming speed is not dependent directly on the 

revolution speed. The minimum loss factor in the 

pumping speed, compared with the ideal value, is 

larger than 10%. If the target pumping speed is 600 

L/min at an ultimate pressure in the 10-3 mbar range, 

the revolution speed must be higher than 3000 rpm. 

For the elevated back pressures above 100 mbar and 

a revolution speed in the range of 3000∼5000 rpm, 

the pumping speed is seen to dramatically decrease to 

zero. Therefore, if this pumping stage is set at the 

atmospheric boundary, the compression ratio must be 

far below 10 to maintain a positive pumping speed 

(self-controlled under real situations).

Fig. 6 shows the relation between the maximum 

compression ratio Kmax and the revolution speed for 

several values of the back pressure. Kmax is also 

proportional to the revolution speed, while the 

gradient is not invariant and the higher back 

pressure leads to a larger gradient. At a low pressure 

below 1 mbar, the rotor assembly can have a value of 

Kmax larger than 100, however, on the atmospheric 

side, the value of Kmax is less than 10 for 3000∼5000 

rpm.

The maximum compression ratio is the maximum 

attainable value of the compression ratio, when the 
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Figure 7. Pumping speed and maximum compression
ratio vs. the back pressure. 

Figure 8. Pressure distribution for the pumping stages 
with a rotor width combination of 40 (1st), 25
(2nd), 20 (3rd), 15 (4th), and 10 (5th) mm for 
three gas load conditions at a revolution 
speed of 3500 rpm.

gas flow and pumping speed (not the intrinsic 

pumping speed) are assumed to be zero: this 

maximum compression ratio determines the ultimate 

vacuum pressure according to the relation, Pult=Pb/Kmax. 

The real compression ratio under normal operation 

conditions with gas loads is less than the maximum 

value because the working pressure with finite gas 

flow is always higher than the ultimate pressure.

The dependency on the back pressure of the values 

of Sp and Kmax can be more clearly seen in Fig. 7. The 

pumping performance of the rotor assembly reaches 

its maximum below 0.1 mbar, and it steeply worsens 

above 1 mbar.

IV. Multistage Roots Pump

If the target vacuum pressure of a chamber is 

within the 10-3 mbar range, the maximum compression 

ratio of a vacuum pump exhausted directly to the 

atmosphere must be around 106. Moreover, because 

the intrinsic gas load including the surface outgassing 

and back-streaming deteriorates considerably the 

compression ratio from the ideal maximum value, a 

value of Kmax in the 10
7 range is required for safety. 

As mentioned above, the compression ratio of one 

stage of the rotor assembly is merely in the range of 

100∼5 depending on the back pressure, and 

therefore, integrating a multi-stage assembly of at 

least 5 sets of rotors is inevitable to reach the required 

compression ratio and, consequently, to preserve the 

pumping speed. 

The pumping performance of a multi-stage pump is 

strongly dependent on the pressure distribution, which 

is again determined by the pumping performance of 

each pumping stage. The calculation of the pressure 

distribution in steady state operation is carried out 

from the atmospheric side at the fixed pressure. The 

calculating procedure is as follows: assume the 

upstream pressure of the last pumping stage, calculate 

the gap conductance for that pressure difference, 

re-calculate the upstream pressure, execute a few 

iterations to obtain a converged solution, move to the 

next upstream stage, and then repeat the above 

algorithm until the final upstream stage to find the 

pressure distribution in the whole set of pumping 

stages.

Fig. 8 shows the pressure distribution for the 
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Figure 9. Variations of S0, Sp, Sb, Kmax, and K for the 
pumping stages at a revolution speed of 3500
rpm. The minimum value of Sb results from the
conflicting dependency on the rotor width 
(decreasing) and back pressure (increasing).

Figure 10. Power consumption for the gas transfer 
(=revolution speed×pocket volume×pres-
sure difference) for each pumping stage 
during steady-state operations at a revolu-
tion speed of 3500 rpm for two combinations
of different rotor widths. 6 means the sum 
for all stages (not the 6th stage).

pumping stages with a certain combination of rotor 

widths at a revolution speed of 3500 rpm for three 

gas load conditions: an outgassing rate of 0.0125 

mbar.L/s per stage (accumulated downstream), a 

ten-times higher outgassing rate, and a fixed 

external gas flow of 12.5 mbar.L/s. The inlet vacuum 

pressure is mainly determined by the chamber-born 

gas loads, while the pressures of the last two stages 

are governed primarily by back-streaming from the 

atmosphere. The inlet pressure basically does not 

change for any combination of rotor width as long as 

the width of the first stage rotor is fixed. The 

compression ratio K of the last stage has a value of 

around 4: this value is mainly dependent on the 

back-streaming rate, and is very close to Kmax, while 

the value of K of the first stage is much less than 

Kmax because the contribution of outgassing is 

dominant, which greatly raises the inlet pressure. 

Fig. 9 summarizes the variations of several 

parameters such as S0, Sb, Sp, Kmax, and K for the 

pumping stages of the multi-stage pump at a 

revolution speed of 3500 rpm. S0 is simply proportional 

to the rotor width. Although Sb and Sp are also nearly 

proportional to the rotor width, both are more 

strongly dependent on the pressure. The value of Sp 

of the downstream stages becomes lower and lower 

compared with S0, even reaching nearly zero. Kmax 

also falls steeply with the stage number, and the 

variation of K has a peak at the third or fourth stage, 

depending on the gas load. While the expected 

pumping speed of the multi-stage pump is just that 

of the first pumping stage, the total values of Kmax 

and K for the whole set of stages are given by a 

multiplication of all the values of the five stages. 

Kmax and K at a gas load of 0.0125 mbar.L/s/stage are 

7.65×107 and 1.01×106, respectively.

Fig. 10 shows the results of calculating the power 

consumption only when transferring the gas to the 

higher pressure side in each stage during steady state 

operations at a revolution speed of 3500 rpm for two 

combinations of different rotor widths: a) 40/25/20/ 

15/20 mm, and b) 40/30/25/20/15 mm. While the first 

three stages do not consume noticeable power even at 

the maximum throughput level, the last two stages, 

located on the atmospheric boundary contribute the 

greatest portion of the total power consumption. The 
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power consumption is strongly dependent on the rotor 

width, especially at the last stage. The power 

consumption of the thinner fifth rotor (10 mm) case 

is 381 W, while that of the wider rotor (15 mm) is 543 

W. The thinner the last rotor is, the lower the power 

dissipation will be.

Although above results are obtained under the 

condition of a very low gas load, the power consumption 

does not increase greatly for a gas load of 12.5 

mbar.L/s, a maximum steady-state throughput level. 

However, in the pumping down phase when all of the 

pumping stages operate transiently at approximately 

atmospheric pressure, the first stage, with the widest 

rotor, consumes the highest work power, and the 

total power consumption increases to its maximum 

within a few seconds and gradually decreases to a 

steady-state value. This dynamic property of the 

multi-stage Roots pump will be discussed later in 

more detail.

V. Conclusion

In this paper, the feasibility of analytically 

estimating the back-streaming through finite gaps of 

the rotor-rotor and rotor-casing in a Roots pump was 

studied. A channel with a rectangular cross-section 

and a variable, non-circular and non-symmetrical 

profile is approximated as a rectangular channel with 

a circular profile of short duct length (10 mm≈100 

gap clearance).

For the given prototype profile of a 3-lobe rotor 

assembly, the gap distance as a function of the 

rotation angle and, consequently, the average gap 

conductance (or back-streaming speed), were calculated. 

Using these data, the dependency of the pumping 

speed and the maximum compression ratio of the 

Roots pump on the revolution speed, back pressure, 

and gas load were estimated.

From the estimations, it was anticipated that a 

pumping speed of 600 L/min can be attained above a 

revolution speed of 3000 rpm with a gap clearance of 

0.12 mm in the prototype rotor assembly. The 

ultimate pressure of a multi-stage Roots pump 

integrated with five rotor sets with moderate gas load 

is expected to be within the 10-3 mbar range.
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