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Abstract  This article describes an electrical network analysis (ENA) method to calculate the pressure distribution of

a vacuum system in a molecular flow regime. The vacuum system was modeled using electrical components. For an

accurate analysis, a complexly combined pipe model, excluding entrance conductance, was employed and the pressure

distribution was simulated using ENA. A vacuum system comprising three vacuum pumps was used for simplicity. In

addition, the ENA results were compared with results from finite element analysis (FEA) and experimental

measurements. The pressure distribution profiles estimated from ENA, performed using the LTSpice IV software, were

in agreement with FEA and experimental results.
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I. Introduction

To design a vacuum system, it is essential to calculate

vacuum parameters, such as conductance of the chamber or

pipe, using Monte Carlo simulation [1] and finite element

analysis (FEA) based on mass balance equations [2]. The

former can be applied for calculating the conductance of

complex geometries and for deriving exact values, but

imposes the burden of a 3-D design process, while the

latter uses simple calculations and generates a small error.

Thus, FEA methods are adequate for calculating the

conductance of simple pipes.

The electrical network analysis (ENA) method enables

intuitive design and simulation of vacuum systems. The

electrical network derived from the segmented pipes and

vacuum pumps [3] resembles the connections between

various vacuum elements. The electrical network

comprises a basic RC-network unit (T-model typically

comprising two resistances and one capacitance) and

current and voltage sources. Therefore, it is easy to

simulate and measure the pressure at the center of the RC-

network unit or between them. Using predefined electrical

network parameters, it is possible to simulate a complex

vacuum system, measure the pressure as a function of time,

and monitor pressure at any part of the system [4]. On the

contrary, the application of the FEA method is confined to

simple systems comprising a pipe connected to a pump and

cannot be applied to complex systems.

The LTSpice IV program was used to simulate the

electrical network circuit, because it is freeware and is easy to

use for breaking down complex circuits into representative

sub-modules composed of RC-network units [5].

In this study, we performed pressure calculations using

ENA and verified the calculations assuming that the

vacuum system model was in a molecular flow regime.

The analysis was based on non-time variant parameters so

that the pressure distributions were calculated from the

steady-state region, regardless of pumping time. In Section

II of the manuscript, the basic design equations for the

vacuum calculations are provided. In Section III, the

relations between the vacuum metrics and the equivalent

electrical metrics are shown and the basic RC-network for

the vacuum system is illustrated. In Section IV, the design

of a simple vacuum system, used to compare pressure

distribution profiles derived from ENA and FEA

calculations, is provided. In Section V, the experimentally

measured test results from the designed vacuum system are

discussed. Finally, a summary of this study is provided in

Section VI.

II. Background

An elementary and optimized vacuum system is used to

derive the basic equations related to vacuum calculations

[6,7]. A pipe of volume V, maintained at a pressure p, is

connected to a vacuum pump. The gas flows at the inlet

and outlet of the system are Qin and Q1
out, respectively. The
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gas flow at the pump is QP
out. Therefore, total gas flow of

outlet is Qout as in Eq. (1). The effective pumping speed,

which drains out the flow, is Seff. Seff is determined by the

pumping speed of the pump (Si) and the conductance of the

pipe to the pump (Sp). In a real system, the leakage

component of the outgassing flow is added to the inlet

flow. Eq. (1) and (2) are derived from p and QP
out.

(1)

(2)

Certain conditions such as pumping speed and inlet flow

are assumed to be constant. The outgassing from the chamber

surface changes very slowly at constant pressure. In this

study, this was considered to be 3×10−11 mbar • L • s−1
• cm−2

after 12 h of pumping and 1.3×10−11 mbar • L • s−1
• cm−2 after

24 h of pumping. These values were obtained from the

experimental measurement performed on a STS 304

material vacuum chamber (described in Section V).

The conductance of the chamber or the pipe is a product

of the transmission probability (W) and the entrance

conductance (SO). In addition, Eq. (3) describes the total

conduction arising from a parallel combination of SO and SP.

When the pipe is composed of a series of N segments, SO

of N-1 segments have to be omitted from the total

conductance S to eliminate duplicated components. This

implies that the entrance effect should be subtracted when

more than two segments are connected. In other words, the

larger SO between two continuous segments has to be

removed. In this study, in case of consistently connected

pipes, which implies same diameter, SO is included in the

calculation of the conductance for the first segment alone

and omitted for other segments (Eq. (4)) [8]. The effect of

duplicated SO on serially connected pipes is described in

Section IV. 

 (3)

 (4)

(5)

There are some existing models for transmission

probability based on the shape of the pipe. The Berman

transmission probability [9], described in Eq. (5), was used

for exact conductance calculations, assuming the aspect

ratio δ (=L • a−1) <20, where L is the length and a is the

radius of pipe [8].

The conductance of each segment, when the pipe is

divided into N segments, is shown in Fig. 2. N relates to the

density of pressure measurement points in the pipe. It is

seen from Fig. 2 that a N-segment modeled pipe should

eliminate the duplicated SO from N-1 segments to reduce

errors in the pressure calculation, because larger the

unmatched amount of SO, higher is the pressure in the pipe.

III. Electrical Network for Vacuum Calculations

Before calculating the pressure distribution of the

vacuum system, it is necessary to generate an equivalent

model. For the ENA of the vacuum system, equivalent

electrical components, such as current source I, resistance

R, voltage source E, and capacitance C, were used. The

relationship between the vacuum and electrical metrics is

summarized in Table 1. For estimating the pressure at the

center of a single pipe, a T-model electrical network was

introduced. Thus, a single pipe was divided into half and

used as a model, as shown in Fig. 3 [8]. 

The resistance of a half-length pipe RL/2 was calculated

from the inverse of conductance SL/2. The outgassing flow
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Figure 1. Schematic of a basic vacuum system comprising one
vacuum pump.

Figure 2. Conductance differences in a N-segment pipe following
the elimination of duplicated SO (L=175 mm, a=1.75 mm, δ=10).
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Qotgs and volume V were derived from the pipe of length L.

The vacuum pump was modeled as a connection of a

resistance, analogous to the effective pump speed, and a

voltage source, analogous to the ultimate pump pressure, in

series. For simplicity of analysis, outgassing flow from the

pump model was neglected.

The electrical circuit was constructed using the following

procedure: 1) the vacuum system was divided into simple

elements, 2) vacuum parameters were calculated using

Molflow+ (freeware based on the Monte Carlo method) [1]

and manually using the transport probability W, 3) the

equivalent electrical circuit of the element was designed,

and 4) the electrical network was organized and the

pressure was calculated at the point of interest in the circuit

[10,11].

 

IV. Establishment of Calculation by FEA & ENA

It is trivial to estimate the pressure and flow at any point

of a complicated and complex vacuum system using

electrical circuit analysis programs, such as the PSpice,

LTSpice, and other simulation programs. Even time-

varying parameters can be modeled and simulated

simultaneously. However, we assumed that the vacuum

system is in a molecular flow regime so that all the

parameters can be considered time independent. We now

present a comparison of the results from ENA with results

from FEA and an experimental validation of ENA. Fig. 4

shows a diagram of the designed model, which includes

three vacuum pumps and one pressure gauge for

measurement located symmetrically. Detailed specifications

are provided in Table 2.

1. Elimination of the entrance effect in an N-segment pipe

To estimate the small errors in vacuum calculations, such

as a pressure for detailed pressure distribution, it is

necessary to divide the pipe into several segments. As

mentioned before, segment pipes connected in a series

induce an unreasonable pressure calculation unless the SO’s

are omitted except for first pipe segment. With the help of

FEA, some cases based on segment pipe length were

analyzed. The same length of segments was used in the

designed model. The effect of duplicated SO is shown in

Fig. 5. The pressure difference observed in Fig. 5(a) is due

Figure 3. Schematic illustrating the relation between the
vacuum pipe and the electrical network; (a) separation of the
pipe into two parts for electrical network unit, (b) equivalent
basic electrical network, and (c) pump model.

Table 1. Relationship between electrical and vacuum metrics.

Vacuum metric Symbol Units Electrical metric Symbol Units

Flow Q mbar • L • s−1 Current I A

Conductance S L • s−1 Conductance G 1 • Ω
−1

Pressure p mbar Voltage E V

Volume V L Capacitance C F

Table 2. Specifications of the designed vacuum system.

System Parameter Values

Pipe length, LM (mm) 2330

Pipe length, LS (mm) 260

Pipe length, Ls' (mm) 130

Pipe length, Ls" (mm) 135

Pipe Inner diameter, ID (mm) 94

Outgassing rate, (mbar • L • s−1
• cm−2) 3×10−11

Pumping speed (L • s−1) 160
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to a conductance error, while the pressure distribution was

the same in Fig. 5(b), regardless of the length of the segment.

Therefore, the entrance conductance SO has to be subtracted

from the pipe segments, except for the first one. The

pressure was low around the vacuum pump (1×10−9 mbar).

2. Design of the RC-network

Typically, the equivalent RC-network is designed using

two resistors and one capacitor (T-model) or two capacitors

and one resistor (p-model). The difference between the two

models is the pressure calculation point in the segmented pipe

(T-model is used for measuring the pressure at the center and

both ends of the pipe segment, while the p-model is used for

the measurement at both ends of the pipe segment) [12]. We

used a T-model to calculate the pressure at the center and

both ends of the pipe segment. The modeling of the pipe

implies that a series of T-model or p-models represent the

same circuit, except for the ends of a closed pipe.

The number of RC-network units does not affect the

results of pressure calculation, but affects the number of

pressure measurement points on the modeled pipe, when

modeled network units follow the transport probability

model (aspect ratio). In this study, we considered the

Berman model as the transport probability model.

Therefore, the number of network units in the pipe was

chosen based on an aspect ratio of δ (=L/a) <20; 5.53 (pipe

#1), 6.91 (pipe #2), and 13.82 (pipe #3). A pipe with δ> 20

(pipe #4: δ=27.65) was also modeled in Table 3.

3. Validation of ENA

In the previous section, describing the pressure calculation,

conductance was accurately derived. Using the corrected

parameters, an electrical network is modeled as shown in

Fig. 6. This equivalent model was uniformly divided into

two parts, each 13 cm long (pipe #4). Since there was no

pressure difference between the segmented models, we

used segmented pipe #4 as the model system for a detailed

ENA. In Fig. 6, the length of the pipes, LS and LM, were

modeled using segment pipe #4. The segmented modules

were connected to each other and to the vacuum pumps

(Fig. 6(a)) and both side pipes, with a length of LS, were

Figure 4. Schematic of the designed vacuum system with three
vacuum pumps; Whole pipes are divided into segment pipe
#1~#4 in the simulation.

Table 3. Basic parameters of the modeled pipe.

System component
Conductance

of half-length pipe
Shalf (L • s−1)

Conductance 
without SO

Shalf_So (L • s−1)

Outgassing
Qotgs 

(mbar • L • s−1)

Volume
V (L)

Main pipe (length LM) 073.26 080.59 2.064×10−7 16.17

Short pipe (length LS) 346.12 607.20 2.39×10−8 1.873

Short pipe1 (length LS’) 483.14 1208.35 1.15×10−8 0.902

Short pipe2 (length LS”) 476.17 1165.69 1.20×10−8 0.936

Segment pipe#1 (length 2.6 cm) 707.44 5836.94 2.30×10−8 0.180

Segment pipe#2 (length 3.25 cm) 686.78 4676.06 2.9×10−9 0.225

Segment pipe#3 (length 6.5 cm) 600.28 2360.40 5.8×10−9 0.451

Segment pipe#4 (length 13 cm) 483.14 1208.35 1.15×10−8 0.902

Figure 5. Pressure distribution of the vacuum system based on
the pipe segment length using FEA; (a) SO element included
in the whole system, (b) duplicated SO element omitted.
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modeled (Fig. 6(b)). Twenty basic units constituted a pipe

of length of LM (Fig. 6(c)). To calculate the vacuum

pressure using ENA, the freeware LTSpice IV program

was used. The basic parameters used in the electrical

circuit are summarized in Table 3. In Table 3, parameters

of whole pipe labeled as LM, LS, LS’, LS” and segmented

pipe of the whole pipe labeled as #1, #2, #3, #4 for Figure

5 are listed. (The whole pipes are divided into the different

length of pipes.)

The calculated pressure distribution is shown in Fig. 7.

The vacuum profiles obtained from the analysis of the

electrical network are in good agreement with the FEA

calculations. The pressure difference between the two is

less than 2.2×10−10 mbar. This difference is induced by the

location of the pumping conductance in the matrix for

FEA. This difference would be larger if the segment length

Figure 6. Schematic of the electrical network of the vacuum
system; (a) whole system with modules, (b) circuits of LS1, LS2

pipe, and (c) circuits of LM1, LM2 pipe.

Figure 7. Pressure distribution from calculations and
experimental measurement using a vacuum system.

Figure 8. Measurement of the outgassing rate.

Figure 9. Vacuum system setup to measure vacuum pressure
in a molecular flow regime.
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was longer. Therefore, ENA is reliable compared to FEA.

 

4. Realization and experimental results

In Section IV, the outgassing rate was obtained from the

experimental results shown in Fig. 8, which shows the

outgassing rate from the material (stainless steel 304) used

to construct the vacuum system. This measurement was

conducted by baking out the test chamber at 150oC for 48 h

and then maintaining it at the required air pressure, after

venting with N2 gas. Finally, the outgassing rate curve was

obtained by pumping out the chamber using a turbo pump

[13]. The outgassing rate was 3×10−11 mbar • L • s−1
• cm−2

after 12 h. This value was used for the calculation of

pressure in the preceding sections. 

A test bench was fabricated as shown in Fig. 9. Three

vacuum pumps comprising NEG(D400-2) and SIP pumps

were used. The vacuum pumping procedures were

conducted over 24 h, at an air temperature of 25oC. The

pressure measurements were made using a single pressure

gauge as shown in Fig. 4. The pressure data were acquired

over 24 h (Fig. 10). The pressure measurements at the 12

h time point were compared with simulation results (Fig.

7). The calculated results from FEA and ENA were in

agreement with the measured pressure, albeit with a

difference of about 0.5×10−9 mbar.

V. Summary

In this study, we verified the feasibility of ENA and

compared the results with the FEA and experimental

results for a simple vacuum system, especially in the

molecular flow regime. Compared to the Monte Carlo

method and FEA for pressure calculations, ENA offers

several advantages such as a simple design using RC

components and intuitive equivalent circuit to drive

pressure. For vacuum calculations using ENA, a RC-

network unit model and modeling procedures were

defined. RC-network parameters were derived from

vacuum parameters using FEA. To calculate exact vacuum

pressure at the many distribution points, we divided the

pipes into several segments and refined the conductance

value by omitting the duplicated entrance conductance of

the pipe segments. By doing so, the pressure difference

was minimized regardless of the length of the pipe

segments. The calculations were performed after modeling

the electrical network and conducting the simulation using

the freeware LTSpice IV software. The results from both

ENA and FEA were similar and the difference was less than

2.2×10−10 mbar. Similarly, the experimentally measured

pressure distribution using a vacuum system was almost

identical with the ENA derived value, within the range of

0.5×10−9 mbar. Thus, it can be concluded that ENA is

adequate for the calculation of pressure in vacuum systems

and for the prediction of system characteristics. Moreover,

ENA can be used for complex vacuum systems, in contrast

to FEA methods, which use simple pressure matrix

equations.
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