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ABSTRACT

Roots pumps play a crucial role in hydrogen fuel cell systems. As the textile industry seeks sustainable power solutions

to achieve carbon neutrality in manufacturing, hydrogen energy has emerged as a promising alternative for clean

energy supply. However, existing Roots pumps designs still fall short of delivering superior overall performance, i.e., the

capability to achieve high volumetric efficiency and low flow pulsation simultaneously. This paper first summarizes the

general design methodology and geometrical constraints for rotor profiles. Subsequently, a method for determining

key design parameters from these geometrical constraints is proposed. Using this methodology, the circular arc rotor,

hyperbolic rotor and parabolic rotor profiles are designed. In order to simultaneously meet the requirements for high

volumetric efficiency and low flow pulsation, a novel profile composed of arc, parabolic, and their conjugate curve

segments is proposed. Numerical simulations reveal that the proposed rotor achieves the highest volumetric efficiency

and the lowest flow pulsation, demonstrating its potential for improving the performance of hydrogen circulation in

fuel cell systems. Flow field analysis revealed that the intensity and scale of the vortices generated at the junction

between the two rotor profiles are the root cause of flow pulsation.

e

INTRODUCTION

The demand for highly stable and efficient fluid machinery is particularly pronounced in specialized sectors

such as textile manufacturing. In modern textile machinery, such as high-speed spinning or weaving
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equipment, the stability of the power and auxiliary systems directly dictates product quality [1,2].

Concurrently, energy-intensive industries like textile manufacturing are under growing pressure to reduce

their carbon footprint by adopting greener manufacturing processes. In this context, hydrogen energy has

emerged as a promising candidate for powering next-generation textile plants. Hydrogen fuel cell systems

can provide the consistent and reliable power output essential for precision textile manufacturing [3,4].

Hydrogen fuel cell require a complex set of management systems to ensure that they work properly. These

systems typically include hydrogen supply, oxygen supply, hydrothermal management, and electronic

control units [5]. In hydrogen fuel cell systems, Roots pumps serve as critical components for hydrogen

recirculation, ensuring a stable anode gas supply—and thus consistent power output—while also improving

hydrogen utilization and alleviating anode flooding [6-8]. Therefore, a Roots pump design that minimizes

flow pulsation and enhances volumetric efficiency is not only beneficial for general industrial use but also

holds significant potential for improving the reliability of power systems in textile machinery and related

hydrogen energy applications.

The rotor profile is a key factor influencing the performance of Roots pumps, as it directly affects

volumetric effi-ciency and flow pulsation. Rotor clearance leakage is an important factor affecting the

volumetric efficiencies of Roots pumps. To reduce leakage, researchers have developed various

modifications to the traditional circular-arc profile, such as a profile consisting of five arc segments [9]; a

profile consisting of two circular arcs, an involute, and the conjugate curve of the arcs [10]; a profile

consisting of an arc, an external cycloid, an involute, and an envelope of the external cycloid [11]; a profile

consisting of a conjugate curve of arcs, an external cycloid, an involute, and an encircled curve of the

external cycloid and arcs [12]. However, studies have shown that rotor profiles modified based on elliptical

arcs can increase the flow rate of Roots pumps and even reduce operational noise [13,14]. Furthermore,

Hwang et al. [15] utilized an extended cycloidal rotor with a variable cycloid ratio to generate a new profile.

This extended cycloid rotor achieves higher volumetric efficiency compared to conventional cycloidal rotors.

Zhou et al. [8] proposed a profile composed of six curve segments, including a conjugate curve with three

arcs, an involute, an external cycloid, and an arc. The new profile not only improves volumetric efficiency

and flow rate but also enhances volumetric utilization.
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In addition to the study of rotor profiles, researchers have also examined how clearance and operating

parameters affect pump performance. Singh et al. [16] measured the optical velocity of a Roots pump using

a fast camera, continuous particle image velocimetry and instantaneous image testing, respectively. Their

results indicated that leakage flow en-hances turbulent mixing within the pump. Specifically, vortices

generated by axial and inter-lobe leakage flows were identified as major contributors to this mixing effect.

Numerous studies have shown that an increase in rotor clearance leads to a decrease in the volumetric

efficiency of Roots pumps [17,18]. Zhou et al. [19] found that the increase in clearance helps to reduce the

amplitude. They also concluded that a higher pressure ratio increases both the pressure pulsation

amplitude and the leakage flow at the rotor-casing clearance, thereby reducing volumetric efficiency. Dong

et al. [20] investigated the influence of rotational speed on a Roots pump. They found that higher rotational

speeds reduce pressure pulsations and improve volumetric efficiency. However, they also found that an

increase in speed increased the noise at the outlet. Li et al. [21] studied the impact of a high-pressure ratio

on Roots pumps. Their results revealed that leakage flow driven by the pressure difference is a primary

cause of flow disorder within the pump, with axial clearance leakage being the most severe.

Previous research has demonstrated that rotor profile, clearance, and operating parameters significantly

influence the performance of Roots pumps. In general, hydrogen circulation pumps must achieve both high

volumetric efficiency and low flow pulsation. However, existing Roots pumps often struggle to achieve

optimal overall performance, and their rotor profile design methods are also characterized by

homogenization and limited flexibility. Therefore, this paper first sum-marizes the general design

methodology and geometrical constraints for rotor profiles. Subsequently, a method for de-termining key

design parameters from these geometrical constraints is proposed. Using this methodology, the circular arc

rotor, hyperbolic rotor and parabolic rotor profiles are designed. In order to simultaneously meet the

requirements for high volumetric efficiency and low flow pulsation, a novel profile composed of arc,

parabolic, and their conjugate curve

segments is proposed. This research addresses two key limitations: the lack of diversity in conventional

Roots pump rotor profile design and the difficulty in resolving their geometrical constraints. Consequently,

it provides a valuable reference for the development of high-performance Roots pumps.
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ROTOR PROFILE DESIGN THEORY

Conjugate Curve

The profile of the rotor must be the conjugate curve, because it meets two basic conditions at any moment

during the same speed of the two rotors: (1) the meshing point of the two rotors is unique, (2) the vector of

the relative velocity of the two rotors in the direction of the common normal at the meshing point is zero. It

should be noted that phase lag, which can occur during the assembly and operation of practical Roots

pumps, may adversely affect pump performance. Mitigating phase lag necessitates strict tolerance control

and the use of high-precision timing gears. However, the theoretical derivation in this paper is intended to

establish a geometric foundation for the rotor profile; a detailed discussion of phase lag falls outside the

scope of this study.

The most common method for knowing a two-dimensional curve and determining its conjugate curve is to

establish three coordinate firstly, including two dynamic coordinates and one static coordinate, and then

solve the problem by two-dimensional coordinate transformation with conjugate theory. Figure 1 shows

that R is the radius of the base circle, P is the contact point of the rotor, XOY is the static coordinate, X1O1Y1

and X2O2Y are auxiliary coordinate, O is the tangent point of the two base circles and is on the X axis2 .

a) b)

Figure 1. Derivation of conjugate curves. (a) coordinate transformation; (b) conjugate curve

We suppose that at a certain moment, when X1O1Y rotates clockwise by an angle of θ and then become1 s

X3O1Y . The speeds of the two rotors are the same in opposite directions, so3 X2O2Y is rotate2 d

counterclockwise by an angle of θ and becomes X4O2Y . It is useful to set the coordinates of point P in th4 e
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XOY、X1O1Y 、1 X2O2Y 、2 X3O1Y and3 X4O2Y coordinate as (x, y), (x1, y1), (x2, y2), (x3, y3), (x4, y4). According t4 o

the geometrical relations in Figure 1(a), the coordinates are obtained under:

x4  x3 cos 2  y3 sin 2  2R cos
 (1
y4  x3 sin 2  y3 cos 2  2R sin

)

Both X3O1Y and3 X4O2Y are obtained by rotating the auxiliary coordinate4 X1O1Y and1 X2O2Y , respectively2 .

Therefore, we get the transformation matrix:

0

 cos 2

1

 sin 2 2Rcos 
2R sin 

 sin 2 cos 2A   
  0

(2



)

A curve is composed of countless points, so the transformation of curve equations between different

coordinate can be realized by matrix A. The parametric equation of the curve of L1 is known to be:

1(

1(
)
)

 t
t

x 
L1 


 y 
 1 

(3



)

Then the set of envelopes of the curve L1 is L:

(4L  AL1 )

To determine the conjugate curve L from L2, we analyze it by using the principle of meshing. According to

the meshing principle, the line OP connecting the meshing point P, the point O is always the unit normal

vector N of the two curves at the meshing point, as shown in Figure 1(b), and T is the tangent vector to the

point P:



WU Z et al. TEXTILE & LEATHER REVIEW | 2026 | 9 | 2374-2405

https://doi.org/10.31881/TLR.2026.2374 2379

1 1

1 1

1 1

1 1

( , )

][ 2

( )

(t

][ 2

) (t)
t t

(tx ) (t)
t t

(t) (t)
t t

(tx ) (t)
t



t

x y
  

 y ]2  [  
 y x ,

 
  y ]2  [
  

T





(5

N 

)

According to the conjugate theory, the velocity vector of the two rotors in the direction of the unit normal

at the point of contact is zero, so it is also necessary to add the restriction [14,15]:

N V 



0
(6V = (2R sin  2y1 ,2x1  2R cos )
)

where V denotes the vector of relative velocity of the two rotors at the point of contact. When N∙V=0, it

means that the vector of the relative velocity of the two rotors in the common normal at the contact point

is zero. According to Eq. (5) and Eq. (6) can be obtained:

1(t 1s )y1(t)
R t


t

y x (t)1  cos  in   x1(t)
x1(t)
 t

y1(t)
t  

(7


)

To solve for the relationship between θ and t, we can make the following assumptions:

   1 1

1 1(

(t

(

) (t)
t t

t)y1(t)
R t



t

x y , b a   
 y x t)1  c   x1(t)    

(8



)

Substituting Eq. (8) into Eq. (7):

(9a cos  b sin  c )

This can be obtained by using the auxiliary angle formula:
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a

  arctan b

a cos  bsin  sin(  arctan

b
aa2  b2 )



(10



)

In Eq. (10), φ is the auxiliary angle, and if φ is restricted to [0, π]:

2

a c
a2

a
b a


arctan

b
 arcsi (b  0)n

b2

c
  

  arctan  arcsin (b  0)
 b2

(11



)

Combining Eq. (3), Eq. (4) and Eq. (11) to obtain the conjugate curve L2. Although the above derivation

calculates the conjugate curve L2, the position of L2 and L1 is incorrect, as shown in Figure 2(a). Because

matrix A only solves for L2, and does not connect L2 and L1 completely to form the rotor profile. Therefore,

it is necessary to rotate L2:

0


 

2z
  2 
 cos sin 0


sin cos 0
 1 0 

U 



 (12

L2 UAL1

)

where α is the rotor envelope angle, and z is the number of lobes. Eq. (12) connect L1and L2 perfectly, as

shown in Figure 2(b).
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a) b)

Figure 2. (a) Unconnected curves; (b) Connected curves

In summary, when the equation of the curve L1 is known, its conjugate curve L2 can be determined by the

following equation:

1 1

1 1

 

1

 

1

2 2

(t) ) + y ( in ) os(c
)c

o
o
s
s
(
(
2
2

)
( )

s
co

(
s(

      

   

 

2
2 sin( )

R

1

t c
(t y 2t R

(t) (t)
z
1

t t
bx1R a

c

  
 


 





  2 ) x 
)   )   x 

  
x y

 , a  , b 
 

,  arcta(t ) a  y1(t ) b n

) , b 0
a b

 
2 2

c


L2  UAL1 





 


c 

  arcsin(
    arcsin( ) , b  0 a b

(13



)

Geometric Restriction

Carryover occurs when the two rotors engage in such a way that a trapped volume is formed between

them, which is isolated from both the inlet and outlet ports. This trapped volume is harmful as it leads to

unnecessary compression and expansion losses. According to the fundamental law of gearing, at the point

of contact, the common normal of the two conjugate curves must pass through the pitch point. If the

center of curvature of L1 lies inside the base circle, the curve's normal orientation ensures continuous

conjugate action without forming an enclosed volume. Conversely, if the center of curvature of L₁ lies

outside the base circle, the geometric constraints during meshing may cause the rotor profiles to form a
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closed pocket before the sealing line is fully established, thereby generating a residual harmful volume. This

is the geometric condition that defines the onset of carryover. Therefore, the condition for avoiding

carryover can be expressed as follows [15]:

xC  x1  1n1

yC
x (14

 y1  1n1y

)

Where Cx denotes the horizontal coordinate of the center of curvature and Cy denotes the vertical

coordinate of the center of curvature, ρ1 denotes the radius of curvature for L1, x1 and y1 denote point (x1,

y1) on L1, n1x and n1y denote the unit normal vectors N in the horizontal and vertical coordinates,

respectively. There is another way to ensure that the coordinates of the centers of the curvature circles of

L1 are all within the radius of the base circle:

xC
2 C y

2 (15 R )

Eq. (15) expresses the distance between the center coordinate of the curvature circle and the origin is less

than the radius of the base circle.

In addition to avoiding carryover, undercutting should also be avoided. Undercutting of the rotor will cause

excessive clearance between the rotors and increased leakage. It also reduces the performance of the

hydrogen circulating pump. To prevent undercutting, the following equation is used to determine [14]:

 

   

' '-V 1
1x x1
2 y1 Vy

1
1

ft - f

2

 0 (16 0, A2A1 ft  f 

  )

 ft  2[(x1
' )2  (y1

' )2  x1
'' (x1  R cos)  y1

'' (y1  R sin)

x

]

 f  2R(x1

' sin  y1
' cos )

V 1
1
2  2R sin  2y1 , Vy

1
1
2  2R cos  2x1

(17



)

If either A1=0 or A2=0 in Eq. (16) is satisfied, then it can be determined that an undercutting is occurring.
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However, in practical engineering applications, it is easier to use mathematical software to solve Eq. (15),

while Eq. (16) needs to be solved by numerical difference, and the solution of Eq. (16) will become difficult

for the more complex rotor profiles. Therefore, in practice, we can first make the base circle radius R is 1,

solve Eq. (15) to get the design range to avoid the carryover, and then search for the design range to avoid

the undercutting in this range, and finally get the reasonable design range of the rotor profile. The specific

implementation process can refer to the derivation process in Section "Conjugate Curve”.

Real Profile

The real profile is corrected on the basis of the theoretical profile to ensure that there is always a uniform

gap between the rotors during operation. Since the point of meshing between the rotors must make N∙V=0,

we can use the normal vector N of the curve L1 to derive the actual profile. As shown in Figure 3, let Rm be

the rotor radius of the theoretical profile, Rmreal is the rotor radius of the real profile, M is a point on the

theoretical profile, O is a point on the Y axis and OM is the normal vector of the tangent line to the M point,

Then OM intersects the real profile at point D. Therefore, OD is also the normal vector to the tangent line at

point D. Thus the unit vector in the direction of OM is:

   
2 2x y

b a
,e e

a a
 

 b2
(18

 b2
)

Let the gap between the rotors is δ, then the distance between the rotor radius Rm of the theoretical profile

and the rotor radius Rmreal of the actual profile is 0.5δ. Let the actual equation of the curve L1 be L11, and the

actual equation of the curve L2be L22 then the coordinates corresponding to the actual profile are:

  

2

0.

0

a

0.5

ba 2

b

5

  
  

a2  b2  
  
E  

  
 
 
   

(19

L11  L1  E , L22  L2 M  E

)
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Figure 3. Real profile

DESIGN OF FOUR ROTOR PROFILES

Parabolic Rotor

As shown in Figure 4(a), the parabolic rotor consists of a parabola L1 and its conjugate curve L2, where L1 is

located on the outside of the base circle and L2 is located on the inside of the base circle, and α is the angle

of its envelope, which is determined by the number of lobes is denoted by z.

a) b) c)

Figure 4. The existing rotor profiles. (a) Parabolic rotor; (b) Circular arc rotor; (c) Hyperbolic rotor

At present, few scholars have studied parabolic rotors. In fact, parabolic rotors are good for reducing

leakage of conjugate and increasing volumetric efficiency and flow rate. The parabolic profile is very simple

and its parameter equation of profile can be expressed by the following equation:

2y (20x  R
2k

 )
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(21R  mR )

Where Rm is the maximum rotor radius, R is the radius of the base circle, λ is defined as diameter-to-pitch

ratio, k is the distance from the focus of the parabola to the directrix and k>0. To determine the value of k,

it is useful to set the intersection point of the base circle with L1 to be point P(xp, yp), and then the

coordinates of the point P can be expressed as:

(22 R cos , yp  R sinpx  )

Substituting Eq. (22) into Eq. (20) and Eq. (21) can be obtained:

R sin2 k  (23
2(  cos )

)

In summary, the parametric equation L1 of the parabola is:

   

t
1



 t 2 
R   

 2k 
 ,0 t  R sinL1   

  
 


k  R sin2 

2   cos
,  

2 z

(24



)

Its conjugate curve L2 can be obtained by simply substituting Eq. (24) into Eq. (13), but in order to prevent

the occurrence of carryover and undercutting, it is also necessary to determine the range of values of λ. The

following is an example of z=2. The curvature K and radius of curvature ρ can be easily obtained according

to the knowledge of higher mathematics:



'
1

1.52' y
1

1

K

 x (t)y1
'' (t)  y1

' (t)x1
'' (t)

K 
 (x1

' (t))2    

 


(25



)

This can be obtained by simply substituting the parabola L1 into Eq. (25) and combining Eq. (5) and Eq. (15):
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2 2 2 2

2 2

2 2

) )k tt 2 k t
kt k2 t2k
tk 3 k t3)

t k
)
kt2 2

 
 (Cx  R  2

1
Cx  x1  (1 

 
C  y1  (1  

Cy  t  (1 
(26


y

)

And the relationship between k, λ and R as well as the range of t can be determined by Eq. (24). For

normalization purposes, the base circle radius R is set to unity, then the following equation can be obtained:

2 4

1 2 1 2

     

2 2
2.25 3 1 2 )](

4 2

)
4

x y

k k
t 2 t 4

k kk k





2  k 1)(
4Cx  (  k 1 )

4


2  Cy  [3 

C 2 C 2  0


(27


0  t  sin (

)

Since Eq. (27) is an implicit function, the mathematical software MATLAB can be used to plot the image and

find the range of values of k by solving the equation. k must be a positive number, so the range of values of

λ can be obtained:

(280.708    1.7172 )

To prevent the occurrence of the undercutting phenomenon, Eq. (16) is used for the judgment. However,

the Eq. (16) can be troublesome to solve, because it involves the relationship between t and θ. Therefore, a

simple algorithm is designed in this paper to find the range of values of λ, as shown in Figure 5. It does so

by first using Eq. (15) to obtain the range of values of λ, and then starting from the minimum value of λ to

determine whether undercutting occurs.
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Figure 5. The method of solving for λ.

In this example, the range of λ avoid the occurrence of carryover can be obtained from Eq. (15), as shown in

Eq. (28). Select λ=0.708 to substitute into Eq. (16) for the undercutting judgment, if the undercutting does

not occur, then λ=λ+0.001 and then substituting into Eq. (16) for the undercutting judgment, and ultimately

get λ=1.547, and then combined with Eq. (28) can be known as the range of values of λ. Similarly, when z

takes different values can determine the corresponding range of values of λ:

0.708   1.547, z  2
0.867   1.460, z  3


(29

0.924   1.402, z  4
)

Circular Arc Rotor

As shown in Figure 4(b), the circular arc rotor consists of arc L1 and its conjugate curve L2, arc L1 and the

base circle intersect at point P, O is the center of arc L1 and its radius is r, the distance between point1 O

and point O is m. Since the circular arc belongs to the traditional type of curve, the derivation of the arc i1 s

very mature, and will not be derived in detail, this paper directly gives the parametric equation of the

circular arc L1:
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m

)Rs

1

i
r

2R

n

2z


m r cos t



 
 L1 
 0  t    arcsin(  r sin t       

 (Rm )2 R2
m  , r  Rm m,  
  2Rcos

              

(30



)

The parametric equation for L2 can be obtained by simply substituting the above equation into Eq. (13). The

solution for the range of λ is the same as parabolic rotors in Section "Conjugate Curve”, and the range of λ

can be solved very quickly using the algorithm shown in Figure 5.

Hyperbolic Rotor Profile

There are fewer studies on hyperbolic rotors than on parabolic rotors. Both hyperbolic and parabolic

belong to conic section, therefore, the performance of hyperbolic rotor is similar to that of parabolic rotor.

The parametric equation of hyperbola is:

x  m1 sec t
 (31
 y  n1 tan t

)

In the above equation, m1 is the real semi-axis of the hyperbola, n1 is the imaginary semi-axis of the

hyperbola, and t is the angle, which corresponds to the hyperbola of the positive semi-axis of the X axis

when t is in the first and fourth quadrants, and corresponds to the hyperbola of the negative semi axis of

the X axis when t is in the second and third quadrants.

Since hyperbola has symmetrical property, the hyperbola with negative half axis of X axis is taken as an

example to be studied in this paper. As shown in Figure 4(c), L1 is a hyperbola, L1 is obtained by translating

the hyperbola of the negative axis of the X axis to the positive half-axis of the X axis, and its parametric

equation can be expressed as:

x1  Rm m msec t
 (33
 y1  n tan t

)
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Rm in the above equation denotes the radius of the rotor of the hyperbola, and the angular range of t is in

the third quadrant. Due to the point P is the intersection of L1 with the base circle, there is:

  

   Rm

x1  R cos , y1  R sin

R


 
 

2z
,  

(33


)

The values ofm1 and n1 can be solved by associating Eq. (32) with Eq. (33) when t, Rm, z, and λ are given. In

this paper, taking t=225° as an example, the parametric equation of hyperbola L1 can be expressed as:

  o si

     

n
1 se ta

n tan t

n

1
R c Rm R

c t t
s

z

 



Rm m msec t



 
L1 


  
   

 , n m 



t  4

 (adjust value),  
2



(34



)

Solving for the range of the hyperbolic λ is consistent with solving for the range of the parabola λ. It can be

obtained by solving for the range of the hyperbolic λ according to what is stated in Section "Conjugate

Curve” and the program shown in Figure 5. However, it should be noted that the value of t can be changed,

and the range of λ corresponding to different t is not consistent and has to satisfy m1>n1>0. In this paper,

we only give the range of λ when t=225°.

Novel Rotor

The novel rotor profile proposed in this paper consists of circular arcs, parabolas and their conjugate curves,

in other words, the peaks of the parabolic rotor are changed to circular arcs. As shown in Figure 6(a), let the

radius of the arc of the parabolic rotor be r, the center of the arc O be on the X axis, and the distanc1 e

between the center of the arc O and the origin point O be b. The intersection of the arc with the X axis is d1 ,

and the parabola is tangent to the point S. The tangent line is made to the Y axis and the X axis respectively

at the points N and M. The perpendicular line is made to the X axis over S and the point L. The radius of the
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base circle is R and the intersection of the base circle with the X axis and the parabola is the point e and P.

,p yLet the coordinates of point P be (x

relation can be obtained

), and from the geometric relationship in Figure 6(a), the followinp g

:

xp  R cos

 y p  R sin


(35

  
)

According to the parabolic parametric equation of Eq. (24), the derivation of the tangent point S and using

the relationship γ=β can be obtained as:

cos

s

s

s

y
k xbk

ys r
x

 tan

b


    k tan  
 

(36



)

Since xs is bigger than xp, the maximum value of β can be obtained as:

2(Rp  R cos
k

) (37 tan2  )

However, Rp is the distance from the vertex of the parabola to the origin point O. The Rm of the newly

designed theoretical rotor profile should be equal to the distance from the point d to the origin O. To

determine Rm in the design, it is related to Rp as follows:

m2
k

Rp

k(tan  )

R

2
R

cos
  k   R p


 

(38

 p

)

Thus, to determine the profile of the new type of curve, it is sufficient to be given z, λp, Rm and β. λp denotes

the diameter-to-pitch ratio of the parabolic rotor and that β must satisfy Eq. (37). In other words, let R=1,
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then we have Rp=λp, and we can determine the angular range of β from the range of λp in Eq. (29) and z

before selecting the angular value of β.

0    67.171, z  2
0    67.174, z  3


(39

0    68.188, z  4
)

a) b)

Figure 6. Novel rotor profile. (a) Geometry of new rotor; (b) New profile of two lobes

However, the new rotor profile described above requires the relationship between the maximum radius Rp

of the parabolic rotor and the maximum radius Rm of the new rotor to be established by Eq. (38), thus

increasing the complexity of the design. Therefore, in this paper, for convenience, the intersection point O1

of the base circle and the X positive semi-axis is designated as the center of the arc, then there is b=R, then

there is Rm=R+r, as shown in Figure 6(b). As soon as z, λp and Rm are determined the other parameters can

be determined, due to the following relation:

  

R sin2 


r 2  a2  2k(pR  k  R)

k  2(p  cos )

R  r  Rm ,  

2

z

(40



)
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According to Eq. (40), after solving for k, r and R, the L1 of the new rotor profile can be obtained as:

     

m
2

1

sin
co

kt 2

r zk
t
1

R




2(p s )

  R  r cos t
   R sin t 
   ,0  t  
     
L1 

 ,   arccos( ),  
2


pR  2      (0  t  R sin )        


r 2  a2  2k(R  k  R)  r

solve  R  r  R  k  
 R k    

(41



)

Since the L1 of the new rotor profile is a combination of arc and parabola, there is a range of λ , which cap n

be obtained by substituting β obtained in Eq. (39) into Eq. (36) and taking into account the relationship

between k, r, and β in Eq. (23) to obtain the range of λp in the new rotor profile. Therefore, the range of the

four rotors’ λ can be found according to the method of Figure 5, as shown in Table 1.

Table 1. The range of values for λ

Type z = 2 z = 3 z = 4

Parabolic

Circular arc

Hyperbolic

New

[0.708~1.547]

[1.237~1.669]

[0.708~1.518]

[1.375~1.547]

[0.867~1.460]

[1.120~1.477]

[0.867~1.440]

[1.293~1.460]

[0.924~1.402]

[1.059~1.368]

[0.924~1.380]

[1.236~1.402]

NUMERICAL CALCULATION STUDIES

Numerical Calculation Method

As shown in Figure7(a), the key design parameters of the rotor profile are the radius of the rotor casing (the

theoretical radius of the rotor) Rm, the actual radius of the rotor Rmreal, the gap between the rotor and the

casing is δ1, the gap between the rotors is δ, the length of the rotor is D1, and λ is Rm/R. For better

comparison, this paper uses the design parameters shown in Table 2, as shown in Figure 7(b). It should be
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noted that a comprehensive multi-objective optimization for each rotor type would entail a substantial

workload, which lies beyond the scope of the present study. Therefore, to ensure a fair comparison,

consistent geometric parameters were adopted for all four rotor profiles, while guaranteeing interference-

free operation under geometrically feasible conditions. A two-lobe Roots pump was selected for the

numerical simulation study, with the λ set to 1.5—a value lying within the intersection of the feasible

ranges of all four profile types. Furthermore, λ=1.5 is a commonly adopted diameter-to-pitch ratio in

industrial applications, thereby enhancing the engineering relevance of the conclusions drawn from this

study.

Table 2. The geometric parameters of the model

Type D1(mm) Rm(mm) Rmreal(mm) δ1(mm) λ δ(mm)

Parabolic

Circular arc

Hyperbolic

New rotor

60

60

60

60

33

33

33

33

32.9

32.9

32.9

32.9

0.1

0.1

0.1

0.1

1.5

1.5

1.5

1.5

0.1

0.1

0.1

0.1

a) b) c)

Figure 7. Pre-processing. (a) Geometric parameters of the rotor; (b) The models of Four rotors; (c) Grid of rotor
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As a professional CFD software, Pumplinx is especially good at numerical calculations of rotating machinery.

It has been successfully used to compare simulation and experimental results. Therefore, this paper adopts

Pumplinx to construct the fluid analysis model. Firstly, the coordinate points of Matlab are imported into

Catia and generate the model, and then the model is converted into STL format and imported into

Pumplinx, then add the mesh of the front and back cover plates, as shown in Figure 7(c).

Pumplinx has a meshing template for Roots pumps, so its meshing is extremely easy. Set the gas as an ideal

gas and set the dynamic viscosity to 8.93847e-06(Pa-s), the heat conductivity to 0.1867(W/(m∙K)) and the

specific heat capacity to 14312.8(J/kg∙K). The Realizable k-ε turbulence model was selected. The inlet

pressure was set to one atmosphere and the pressure ratio was 1.1. The speed was set to 6000 RPM. In

addition, a grid independence study was conducted using five different mesh resolutions: 1.0, 1.5, 2.1, 3.0,

and 3.9 million elements. The results indicate that the predicted flow rate of the Roots pump increases with

mesh refinement but plateaus beyond 2.1 million elements. The relative error between the solutions

obtained with 2.1 million and 3.9 million elements is merely 0.199%. Considering the trade-off between

computational accuracy and time cost, a mesh with 2.1 million elements was adopted for all subsequent

numerical simulations in this study.

To verify the accuracy of the numerical calculations, This paper uses the experimental data and model in

Reference [19] to verify the accuracy of the simulation through Pumplinx. As shown in Figure 8, the

absolute error between the simulation results and the experimental data remained within 1.05% for

pressure ratios of 1.1 and 1.2. In contrast, the error increased significantly to 7.86% at a pressure ratio of

1.3. The numerical method established in this paper may overestimate the leakage losses, resulting in

increased errors in the calculated results. The pressure ratio of a Roots pump is a critical design and

operational parameter in hydrogen fuel cell applications, as it significantly influences volumetric efficiency.

For instance, when the pressure ratio increases from 1.1 to 1.2, the volumetric efficiency of air decreases

by 7%, whereas that of hydrogen drops sharply by 29% [6]. Due to the low viscosity of hydrogen, even a

small increase in the pressure ratio can cause a sharp rise in internal leakage. Considering both simulation

accuracy and practical operating conditions, the pressure ratio of 1.1 was selected for the subsequent

numerical simulations in this study.
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Figure 8. Verify the accuracy of numerical calculations

Results

In the fuel cell systems, the hydrogen circulating pump not only has high volumetric efficiency, but also has

to minimize the pulsation to avoid noise generation. Therefore, this paper chooses flow pulsation

coefficient and volumetric efficiency as indicators to evaluate the performance of four rotors. The flow

pulsation coefficient is related to the smoothness of the flow rate, and the volumetric efficiency is related

to the ability of the pump to resist leaks. The formulas for flow pulsation coefficient and volumetric

efficiency are as follows:

         

Vma

ave

x

V
Qout

Vmi

Qth

n fQ 

V 


(42



)

Where fQ denotes the flow pulsation, Vmax, Vmin and Vave denote the maximum volumetric flow rate,

minimum volumetric flow rate and average volumetric flow rate respectively. ηv denotes the volumetric

efficiency, Qout denotes the actual output flow rate, and Qth denotes the theoretical output flow rate. Qout is

represented by the simulation results of Pumplinx, and Qth is calculated as follows:
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(43Qth  2 (Rm )2D1n )

Where n is the rotational speed and ϛ denotes the area utilization factor, which is calculated as follows:

 (Rm )2  Srotor

 (Rm )2 (44  )

Here S represents the area of a single rotor, as shown in Table. 3. Substituting the data from Table 3 introtor o

Eq. (43) to obtain Qth.

Table 3. Theoretical volumetric flow rate

Type Area of a single rotor (mm2) Qth (m3/h)

Parabolic

Circular arc

Hyperbolic

New

1594.71

1666.84

1581.98

1675.72

78.908

75.790

79.455

75.405

According to the results of simulation we can get the flow rate of parabolic rotor, circular arc rotor,

hyperbolic rotor and new type of rotor, respectively, as 42.76 m3/h, 37.61 m3/h, 42.35 m3/h and 41.89 m3/h,

as shown in Table 4. It is evident that the circular arc rotor exhibits the lowest flow rate. The flow rate

variations of the hyperbolic, parabolic, and new rotors are comparable. The flow pulsation coefficients fQ of

the four rotors can be obtained according to Eq. (42). Results indicate that the new rotor design exhibits

the lowest flow pulsation and consequently, the smoothest flow output. In contrast, the circular arc rotor

demonstrates the highest flow pulsation and the lowest flow rate. Furthermore, the new rotor achieves the

highest volumetric efficiency and the lowest leakage. Although the new rotor's flow rate is only 2.05%

lower than that of the parabolic rotor, its flow pulsation coefficient is reduced by 5.5%, and its volumetric

efficiency is improved by 2.51%. These results demonstrate the reliability of the proposed novel rotor for

use in hydrogen circulating pumps.
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Table 4. Parameters of performance for four rotors

Type fQ Qout (m3/h) ηv (%)

Parabolic

Circular arc

Hyperbolic

New

0.57

0.65

0.58

0.54

42.76

37.61

42.35

41.89

54.19

49.62

53.30

55.55

Discussion

Since the pressure distribution of the four rotor profiles is not particularly obvious under the pressure ratio

of 1.1. Therefore, to better compare the performance of the four rotor profiles, velocity contour is used in

this paper to observe the internal flow characteristics of the four rotors.

As shown in Figure 9, at 18°, the leakage at the gap between the Circular arc rotor [Figure 9 a)] and the

casing is the largest, and a large amount of gas at the outlet flows directly back into the pump chamber

through the casing gap and collides with the outflow gas and forms a vortex at the region (I). The other

three rotor profiles [Figure 9 b)-d)] also have leakage at the gap between the casing and rotor, and form

vortices at region (I), but the reasons for their formation of vortices at region (I) are not due to backflow of

gas. The circular arc rotor also forms a vortex in the region (II), but the other three rotor profiles do not

have this phenomenon. This indicates that the circular arc rotor also has the largest conjugate leakage. In

addition, the velocity fluctuation of the arc rotor is large in region (III), which may be due to the fact that

the rotor profile is not concave enough at the valley of lobe.
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a) b)

c) d)

Figure 9. Rotation angle of 18°. (a) Circular arc rotor; (b) New rotor; (c) Parabolic rotor; (d) Hyperbolic rotor

As shown in Figure 10, at 36°, vortices appear in regions (I), (IV), (V), and (VI) for the arc rotor [Figure 10 a)],

while the other three rotors [Figure 10 b)-d)] have vortices only in regions (I) and (IV). The reason for the

vortex in regions (IV) for the four rotors is that the gas at the inlet tries to pass through the gap between

the rotors, due to the small gap, the gas hits the wall of the rotor and forms a vortex. Therefore, the larger

the vortex, the smaller the leakage of the gap between the rotors. From Figure 10, it can be obtained that

the conjugate leakage of the arc rotor is the largest.
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a) b)

c) d)

Figure 10. Rotation angle of 36°. (a) Circular arc rotor; (b) New rotor; (c) Parabolic rotor; (d) Hyperbolic rotor.

As shown in Figure 11, at 54°, the vortices formed by the four rotors in region (I) are in the opposite

direction to the vortices at 18°and 36°. The new rotors [Figure 11 b)], parabolic rotor [Figure 11 c)] and

hyperbolic rotor [Figure 11 d)], have larger vortices in region (IV) and vortices in regions (V) and (VI). The

vortex of the arc rotor [Figure 11 a)] becomes smaller in region (VI). The vortices of the new type rotor are

the largest in the regions (V) and (VI), and the vortex of the hyperbolic rotor is larger in the (VI) region.

Meanwhile, the vortex in region (I) is never eliminated and its position is always near the joint of L1and L2.
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a) b)

c) d)

Figure 11. Rotation angle of 54°. (a) Circular arc rotor; (b) New rotor; (c) Parabolic rotor; (d) Hyperbolic rotor

As shown in Figure 12, at 72°, the parabolic rotor [Figure 12 c)] has the largest vortex in region (IV),

followed by the circular arc rotor [Figure 12 a)]. Meanwhile, the vortex of hyperbolic rotor [Figure 12 d)]

and new type rotor [Figure 12 b)] is weakened in region (IV). For the arc rotor, with the rotation of the rotor,

the gas at the rotor gap is carried to the inlet by the rotor and collides with the gas at the inlet to form a

vortex. At the same time, the turbulence caused by the gas at the inlet hitting the rotor wall near the vortex

in region (IV) intensifies the vortex speed. However, the vortices of the other three profiles in region (IV)

are significantly weakened. The reason is that their lobe valleys are concave, and the return flow caused by
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the gas hitting the lobe valleys needs to climb for some distance. This indicates that the design of rotor

profiles should not only take into account the leakage of gaps, but also take into account the problem of

weakening the vortex, because the generation of vortex not only affects the normal flow of the gas, but

also affects the volumetric efficiency of the pump and the flow pulsation.

a) b)

c) d)

Figure 12. Rotation angle of 72°. (a) Circular arc rotor; (b) New rotor; (c) Parabolic rotor; (d) Hyperbolic rotor
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CONCLUSIONS

Building upon previous research, this study summarizes a new design methodology for Hydrogen circulating

Roots pumps. Then, based on the geometrical constraints of conjugate profiles, a new method is presented

to determine the feasible range of the design parameter λ for engineering applications. A novel rotor

profile, composed of circular arcs and parabolic segments, is proposed. The main contributions of this

paper are as follows:

(1) A new general design formula is derived for generating rotor profiles. This formula enables the efficient

construction of various profiles, including the circular arc, parabolic, hyperbolic, and the proposed novel

rotor. The novel rotor profile combines circular arcs, parabolic segments, and their corresponding

conjugate curves.

(2) A practical method for determining the feasible range of λ, based on the geometrical constraints of

conjugate rotor profiles, is proposed for engineering use. This method was applied to determine the λ

ranges for the four investigated rotor profiles.

(3) The circular arc rotor exhibits the largest flow pulsation and the lowest volumetric efficiency. The

parabolic rotor achieves the highest flow output. It also demonstrates higher volumetric efficiency and

lower flow pulsation than the circular arc rotor. The new rotor exhibits a flow rate comparable to that of

the parabolic rotor, while achieving the highest volumetric efficiency (55.55%) and the lowest flow

pulsation (0.54) among all compared profiles. These results confirm the superior overall performance of the

proposed novel rotor.

(4) Flow field analysis revealed that hydrogen readily forms vortices at the junction between the L1 and L2

profile segments. The intensity and scale of the vortices are the primary factors contributing to flow

pulsation.

The improved volumetric efficiency and reduced flow pulsation achieved by the novel rotor provide a more

stable power foundation for hydrogen-driven systems. Such technical enhancements hold potential

reference value for the operational reliability of green energy power systems in various industrial sectors,

including textile manufacturing, thereby supporting the broader transition toward sustainable, low-carbon

production.
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