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1.Introduction 

Hydraulic systems are widely utilized in mechani-

cal engineering due to their high power density, flexible 

configuration, and precise control capabilities. Among var-

ious hydraulic components, the external gear pump is a pos-

itive displacement device that transfers fluid via meshing 

gears. These pumps are favored for their simple and com-

pact structure, low manufacturing cost, reliable performance, 

and relatively high volumetric efficiency [1]. Their stable 

operation under diverse working conditions has led to wide-

spread applications in automotive, aerospace, medical, and 

industrial fields [2-4]. 

However, external gear pumps often exhibit signif-

icant flow and pressure pulsations during operation, espe-

cially under high-pressure and high-speed conditions [5, 6]. 

Such pulsations can lead to increased system vibration and 

noise, affecting both stability and efficiency [7]. Two key 

structural features that influence these phenomena are tooth 

backlash and the unloading groove [8-10]. Tooth backlash 

affects fluid leakage and flow stability, while the unloading 

groove plays a critical role in mitigating trapped oil pressure 

and cavitation. 

This study employs PumpLinx software to perform 

fluid dynamic simulations of external gear pumps with var-

ious unloading groove configurations and meshing condi-

tions. A Curved unloading groove design is proposed and 

evaluated both in the presence and absence of tooth backlash. 

The simulation results provide insights into optimizing 

pump geometry to reduce flow pulsation and enhance volu-

metric efficiency. 

There have been some extensive researches on this 

topic, especially on design of unloading grooves. Zhang et 

al. investigated the effect of unloading groove spacing and 

mainly considered on the performance of the transient multi 

flow field of an external gear pump [11]. They found that 

reducing the unloading groove spacing can appropriately re-

duce flow pulsation and improve volumetric efficiency. 

Zhan et al. studied the noise characteristics of a high-speed 

gear pump and added an oil replenishment groove to reduce 

the flow pulsation [12]. Liu et al. developed a fuel gear 

pump based on aviation engines, and studied the internal 

flow field by establishing a stagnation calculation model. 

They proposed a novel design method for the discharge 

groove of the engine fuel gear pump in the light of square 

discharge groove [13]. Sedri et al. carried out numerical, an-

alytical, and experimental investigations on a simple exter-

nal gear pump, introducing a new group of unloading slots 

on the gear teeth to improve the performance of the pump 

[14]. They also investigated the effects of gear radius and 

tooth tip length on pump performance. 

Some scholars have also conducted researches on 

the influence of tooth backlash on flow pulsation. Gamez 

Montero et al. added a minimum gap module and an over-

flow channel effective port area module to GeroLAB's 

structured method to increase the efficiency of the cycloidal 

pump [15]. Szwemin et al. introduced the simulation results 

of axial and radial clearance leakage of external meshing 

pumps for different geometric shapes, sizes, and operating 

parameters [16]. Under the preconditions of various of ra-

dial and end clearances, Zhan et al. studied the influences of 

the oil leakage flow rate as well as the pump shaft power, 

and determined the optimal solutions for the end face to-

gether with the radial clearance of the high-speed gear pump 

[17]. Gamez et al. considered the effect of different tooth 

clearances on the flow pulsation of cycloidal pumps and ob-

tained beneficial laws [18]. 

The above works mainly focus on improving the 

performance of gear pumps unilaterally by optimizing the 

design of the unloading groove or only conducting experi-

mental analysis on the performance of pumps with different 

tooth backlashs. This work aims to optimize and improve 

the performance of an external gear pump by a novel type 

of unloading groove in the presence or absence of tooth 

backlash. Based on conducting fluid simulation analysis and 

comparison using PumpLinx software, we verify the opti-

mization results through comparative analysis of multiple 

parameters such as the trapped oil pressure, the flow pulsa-

tion, and the flow non-uniformity coefficient. This study 

provides industry professionals with different choices of ex-

ternal gear pumps in the light of various factors such as ac-

tual working conditions and needs, and also serves as a ref-

erence for engineers in optimizing the dynamics perfor-

mance of an external gear pump. 

2. Analysis of Oil Trapping Mechanism in External 

Gear Pumps 

2.1. Trapped oil mechanism and function of the unloading 

groove in external gear pumps 

During operation, external gear pumps rely on the 

meshing of gear pairs to drive periodic changes in the work-

ing chamber volume, thereby enabling fluid suction and dis-

charge [19]. Due to the overlapping meshing process—

where one pair of teeth has not yet completely disengaged 
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while another pair is already entering engagement—a tem-

porarily sealed chamber is formed between adjacent teeth. 

This chamber is intermittently isolated from both the suction 

and discharge ports and periodically forms and disappears 

as the gears rotate. Because the fluid within this sealed 

chamber cannot exchange with the external flow field in a 

short time, pressure fluctuations occur as the chamber vol-

ume changes. This phenomenon is commonly referred to as 

the trapped oil effect [20, 21].  

The trapped oil effect is an inherent fluid dynamic 

phenomenon in external gear pumps, arising from the com-

pression or expansion of fluid within a closed volume. 

When side clearance exists, two initially independent 

trapped oil regions may become connected through the 

clearance, forming a single combined trapped oil region. 

By taking the gear rotation angle as the independ-

ent variable, the variation of the trapped volume can be ap-

proximately described as 

( ) 0 vV V k = − , (1) 

where V denotes the trapped volume of the working cham-

ber, V0 is the initial trapped volume, kv is the volume varia-

tion coefficient, and  represents the gear rotation angle. The 

rate of change of the trapped volume can be expressed as  

dV dV

dt d



= , (2) 

where  denotes the angular velocity. 

When the volume of the sealed chamber decreases, 

the fluid is compressed, leading to a rapid increase in pres-

sure. Conversely, when the volume expands, the fluid un-

dergoes expansion, resulting in a pressure drop and even lo-

cal negative pressure. Considering the finite compressibility 

of the fluid, the pressure variation can be described using 

the bulk modulus relationship 

dP
V

dV
 = − , (3) 

where  is the bulk modulus. 

Due to fluid compressibility, rapid volume varia-

tion within a short time leads to significant pressure fluctu-

ations, which directly affect the operational stability of the 

gear pump. The pressure evolution in the trapped oil region 

can thus be approximated as a control-volume compression 

process 

1dP dV

dt V dt
= − . (4) 

The peak pressure of the trapped oil region can be 

estimated based on the compression relationship 

0
0maxP P ln

V

V


 
= +  

 
, (5) 

where P0 is the initial pressure. 

This relationship indicates that pressure variation 

is closely related to the rate of volume change. When the 

gear rotation causes a rapid decrease in the trapped volume 

(dV  dt < 0), the pressure rises sharply, forming a local 

high-pressure region. If not released in time, this may induce 

hydraulic shock, affecting gear meshing conditions and 

structural loading. 

To alleviate the above issues, unloading grooves 

are typically machined on the front and rear covers, bearing 

seats, or floating side plates of gear pumps. The introduction 

of the unloading groove essentially provides a transitional 

channel for the trapped volume, enabling gradual pressure 

release or compensation before the gear chamber connects 

to the high- or low-pressure regions. As a result, the pressure 

gradient is smoothed, and the abrupt pressure variation in 

the trapped oil region is effectively mitigated, transforming 

the pressure evolution from an “abrupt-type” to a “gradual-

type” behavior. 

This design allows high-pressure fluid to be dis-

charged into the groove during the compression phase, 

while enabling fluid re-entry during the expansion phase. 

This pressure balancing mechanism plays two key roles in 

the pressure evolution process 

1. Volume compensation effect 

When the trapped volume decreases, the unloading 

groove allows part of the fluid to flow prematurely toward 

the high-pressure chamber, reducing the effective compres-

sion ratio. When the volume increases, low-pressure fluid is 

supplemented in advance, preventing the formation of neg-

ative pressure. In this way, the unloading groove modifies 

the connectivity timing of the trapped volume, resulting in a 

smoother pressure profile. 

2. Throttling and damping effect 

The unloading groove has a limited cross-sectional 

area and essentially behaves as a transient throttling orifice. 

The flow rate can be approximated as 

2
s d eff

P
Q C A




= , (6) 

where Qs denotes the flow rate through the unloading 

groove, Cd is the discharge coefficient, Aeff is the effective 

flow area of the groove opening, P represents the pressure 

difference between the trapped volume and the high/low-

pressure chambers, and  is the fluid density. 

A larger throttling area leads to faster pressure re-

lief; however, an excessively large area may cause prema-

ture direct connection between the high- and low-pressure 

chambers, resulting in increased internal leakage. Therefore, 

the design of the unloading groove essentially involves 

achieving a balance among throttling area, connection tim-

ing, and pressure smoothing performance. 

The geometric parameters of the unloading groove, 

including groove width, depth, and opening/closing angles, 

directly determine its throttling capacity and discharge tim-

ing. Consequently, they significantly influence the transient 

pressure peaks in the trapped oil region, outlet flow pulsa-

tion intensity, radial hydraulic force imbalance, as well as 

internal leakage and volumetric efficiency. The effective 

flow area can be expressed as 

eff s sA b l= , (7) 

where bs and ls are the groove width and length, respectively. 
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From the perspective of pressure evolution, the 

presence of the unloading groove is equivalent to introduc-

ing an additional pressure relief channel between the 

trapped oil region and the external oil chambers. When the 

discharge effect of the unloading groove is considered, the 

pressure variation equation in the trapped oil region can be 

expressed as 

1
s

dp dV
Q

dt V dt


 
= − − 

 
. (8) 

This expression indicates that when the unloading 

groove provides sufficient discharge capacity, the pressure 

fluctuations induced by the variation of the trapped volume 

can be effectively alleviated, thereby reducing the peak 

pressure in the trapped oil region. 

In summary, the trapped oil phenomenon origi-

nates from the periodic variation of the sealed volume dur-

ing gear meshing. The unloading groove structure regulates 

the pressure evolution process by modifying the connectiv-

ity conditions between the trapped chamber and the external 

oil passages. A properly designed unloading groove not only 

reduces the trapped oil pressure peak but also improves the 

internal flow characteristics of the pump, thereby providing 

an important theoretical basis for the structural design and 

improvement of external gear pumps. 

2.2. Design theory of unloading groove opening angle and 

length 

Based on the trapped oil mechanism, the opening 

angle and length of the unloading groove are critical design 

parameters determined by the gear meshing geometry. The 

key step in the groove design is to determine the minimum 

unloading groove spacing, which is governed by the length 

of the trapped oil region generated during gear meshing, as 

shown in Fig. 1. Since the trapped oil region varies with the 

meshing position, the groove spacing must be sufficiently 

large to completely cover the trapped oil region while pre-

venting premature connection between the high- and low-

pressure chambers. Therefore, the calculation of the mini-

mum unloading groove spacing serves as the theoretical 

foundation for determining the geometric parameters of the 

Curved unloading groove and establishes a direct link be-

tween the theoretical analysis and the actual groove design 

procedure adopted in this study. 

The contact between gear teeth occurs along the 

line of action. According to involute gear theory, the contact 

line length is given by 

2 2 2 2

a b a bL r r r r a sin= − + − − , (9) 

where ra, rb, a, and  denote addendum radius, base circle 

radius, center distance, and pressure angle, respectively. 

b

L

P
 = , (10) 

where 

bP mcos =  (11) 

is base pitch, and m is a module. 

  

a b 

Fig. 1 Design and optimization of unloading groove: a – 

zero-backlash gear pair, b – gear pair with backlash 

When  > 1, two pairs of teeth are simultaneously 

engaged, forming a trapped volume. This region typically 

forms near the middle of the contact line and enters com-

pression as rotation proceeds. 

Let the pitch circle radius of the gear be r. Based 

on the gear meshing geometry, the pitch angle correspond-

ing to the onset of trapped volume compression can be ap-

proximated as  

2

b
c

P

r
 = . (12) 

To ensure timely pressure relief of the trapped oil, the un-

loading groove should establish communication with the 

high-pressure chamber before the compression phase begins. 

Therefore, the opening angle of the unloading groove should 

satisfy 

s c   − , (13) 

where  is a safety advance angle, typically chosen as a 

small value to ensure stable pressure release. 

The angular range during which the trapped vol-

ume exists can be expressed as 

( )1 b
c

P

r
 = − . (14) 

As the contact point moves along the line of action, the cor-

responding arc displacement on the pitch circle is given by 

c cl r= . (15) 

Since the unloading groove must cover the main angular 

range of the trapped volume, its length is generally designed 

as 

s cl l . (16) 

In practical engineering design, to prevent exces-

sive unloading groove length that may lead to premature 

leakage of high-pressure fluid, the theoretically derived 

groove length is usually modified by introducing a correc-

tion factor kl, which is generally less than 1. The introduc-

tion of this correction factor enables a balance between 

trapped oil pressure relief and volumetric efficiency preser-

vation. Therefore, the minimum unloading groove spacing 

without gear backlash can be obtained as: 

( )2s l bl k P L cos= − , (17) 

（a） （b）（a） （b）
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the minimum spacing of the unloading grooves in the pres-

ence of gear backlash is given by: 

b l bl k P cos= . (18) 

Based on the above analysis, the main geometric 

parameters of the unloading groove include the opening an-

gle, groove length, width, depth, and profile. The selection 

of these parameters requires a trade-off between trapped oil 

pressure relief and volumetric efficiency. If the groove 

opens too early or has an excessively large area, high-pres-

sure fluid may leak prematurely into the low-pressure region, 

increasing internal leakage and reducing volumetric effi-

ciency. Conversely, if it opens too late, the trapped oil pres-

sure cannot be effectively relieved. Therefore, in gear pump 

design, the starting position, size, and relative position of the 

unloading groove with respect to the gear meshing region 

should be properly determined to ensure timely pressure re-

lease during compression while minimizing unnecessary 

leakage. Accordingly, the parameter range should be deter-

mined through a combination of theoretical analysis and nu-

merical simulation. 

2.3. Structural analysis and optimization of unloading 

grooves 

The hydraulic system of the new energy crane 

studied in this work employs an external spur gear pump. 

The pump mainly consists of a pair of driving gears, a pump 

housing, bearings, and floating side plates. The floating side 

plates not only provide axial sealing and clearance compen-

sation, but also serve as the mounting location for the un-

loading grooves. The unloading grooves are machined on 

the transitional region of the floating side plates on both 

sides of the gears. Their primary function is to regulate the 

pressure evolution of the trapped volume during gear mesh-

ing, thereby alleviating the trapped oil effect and reducing 

internal pressure shocks and flow-induced excitation. 

The studied external gear pump exists in two man-

ufacturing precision levels. For high-precision gears, the 

side clearance is extremely small and can be approximately 

regarded as a zero-clearance configuration. For lower-pre-

cision manufacturing, a certain side clearance exists due to 

machining and assembly errors. However, both configura-

tions adopt the same unloading groove design. Since the 

side clearance directly affects the connectivity and pressure 

relief path of the trapped volume, it is necessary to evaluate 

the applicability of the original groove design under differ-

ent assembly conditions. Accordingly, two 3D models—

namely “zero side clearance” and “with side clearance”—

are established to analyze and optimize the unloading 

groove parameters under each condition. 

Under the zero side clearance condition, the non-

working tooth surfaces are tightly engaged, and the trapped 

volume is divided into two relatively independent regions 

during meshing transition. As shown in Fig. 2, a, since the 

original unloading groove only connects to one region, the 

other remains fully sealed within a certain angular range. As 

the gears rotate and the volume decreases, fluid in the sealed 

chamber is compressed, leading to a rapid pressure rise. 

Even if pressure is released in the connected region, the iso-

lated region still generates high transient pressure peaks, re-

sulting in uneven load distribution and increased radial hy-

draulic force fluctuation. Therefore, under zero-clearance  

      

a b 

Fig. 2 Original unloading groove structure analysis: a – 

zero-backlash gear pair, b – gear pair with backlash 

conditions, the original groove design exhibits insufficient 

pressure relief capability. 

Under the side clearance condition, a micro-gap 

channel is formed between the non-working tooth surface 

and the side plate, providing an additional leakage path for 

the trapped volume. However, the original groove opening 

and closing angles do not account for this effect. During cer-

tain meshing stages, the unloading groove may simultane-

ously connect the inlet and outlet chambers, forming a 

cross-chamber flow path, as shown in Fig. 2, b. In this case, 

high-pressure fluid may leak back to the low-pressure cham-

ber through both the groove and the side clearance, resulting 

in unnecessary internal leakage. This not only reduces vol-

umetric efficiency but also disturbs the internal flow field 

and increases flow fluctuation. 

Based on the above analysis, the unloading groove 

design is optimized from three aspects: dimensional match-

ing, structural configuration, and connectivity timing. The 

objective is to ensure effective pressure relief of the trapped 

oil region under both side-clearance and zero-clearance con-

ditions while avoiding abnormal communication between 

the inlet and outlet chambers. 

For dimensional design, the opening and closing 

positions, axial layout, and minimum spacing of the unload-

ing grooves are determined according to the meshing char-

acteristics of the gear pair and the dynamic evolution of the 

trapped oil region. The design principle is that when the 

trapped oil region disengages from the discharge-side un-

loading groove, it should immediately establish communi-

cation with the suction-side unloading groove. In this way, 

pressure release can proceed continuously and controllably, 

preventing excessive compression of the trapped volume 

and suppressing the generation of high pressure peaks. 

For the optimized external gear pump investigated 

in this study, the gear parameters are: number of teeth z = 10, 

module m = 4.5 mm, and pressure angle  =20°. Substitut-

ing these parameters into Eqs. (2)-(9) – (2)-1(8), the adden-

dum circle radius, base circle radius, meshing line length, 

base pitch, and contact ratio are calculated as ra = 27 mm, 

rb = 21.14 mm, L = 18.19 mm, Pb = 13.28 mm, and 

 = 1.369, respectively. Based on the theoretical trapped-oil 

analysis, the minimum unloading groove spacing is deter-

mined to be 7.94 mm under zero-clearance conditions and 

12.6 mm when side clearance is considered. These values 

provide the theoretical basis for the subsequent groove di-

mension design and ensure proper matching between the 



199 

unloading groove and the trapped oil region during the 

meshing process. 

As shown in Fig. 3, a, in the original design, iden-

tical asymmetric unloading grooves with a depth of 1 mm 

and a minimum spacing of 9.1 mm are adopted regardless 

of whether side clearance exists. Under side-clearance con-

ditions, the groove spacing is smaller than the theoretically 

required minimum spacing of 12.6 mm, causing premature 

communication between the inlet and outlet chambers 

through the unloading grooves, which increases internal 

leakage and reduces volumetric efficiency. Conversely, un-

der zero-clearance conditions, the groove spacing exceeds 

the theoretically required value of 7.94 mm, delaying the es-

tablishment of communication between the trapped oil re-

gion and the unloading groove. As a result, the trapped vol-

ume continues to be compressed, leading to excessive 

trapped-oil pressure and pressure fluctuations. 

To address these issues, optimized unloading 

grooves are designed separately for the side-clearance and 

zero-clearance conditions while maintaining the same over-

all geometric concept. The minimum groove spacing is ad-

justed to 12.6 mm and 7.94 mm, respectively, according to 

the theoretical calculations. In addition, a symmetric groove 

arrangement is adopted on both sides of the gear, and a cir-

cular transition with a diameter of 33.75 mm is introduced 

to match the gear root circle profile. This design increases 

the effective overlap area between the trapped oil region and 

the unloading groove, shortens the pressure-relief path, im-

proves the timing of pressure release, and prevents abnormal 

cross-chamber flow, as shown in Fig. 3, b and c. 

Furthermore, the optimized curved unloading 

groove employs a trapezoidal cross-section instead of the 

conventional rectangular configuration. Owing to its  

 

 

a 

 

b 

 

c 

Fig. 3 Unloading groove model before and after structural 

optimization: a – irregular-shaped unloading groove, 

b – curved unloading groove with tooth backlash, 

c – curved unloading groove without tooth backlash 

gradually expanding flow area, the trapezoidal structure re-

duces sudden velocity changes and local flow separation, 

thereby weakening vortex formation and lowering the risk 

of cavitation. The smoother pressure transition contributes 

to reduced flow pulsation, lower vibration and noise levels, 

and improved load distribution between the gear teeth and 

side plates. 

For the zero-backlash condition, the optimized 

structure adopts a symmetric configuration. An unloading 

groove with identical geometry is added on the suction side 

to mirror the one on the discharge side. When one trapped 

chamber connects with the discharge side groove, the other 

independent trapped chamber can simultaneously connect 

with the suction side groove. This prevents the formation of 

isolated high-pressure chambers and enables synchronous 

pressure relief of both chambers, resulting in a more bal-

anced pressure distribution, as shown in Fig. 4. 

For the side backlash condition, the optimization 

focuses on controlling the connectivity timing. When the 

trapped region connects with the suction side groove, it 

should be disconnected from the discharge side groove in 

time. By adjusting the minimum spacing between the two 

grooves to be greater than or equal to the maximum ex-

tended length of the dual trapped regions, a direct flow path 

between inlet and outlet chambers is structurally blocked. 

This suppresses backflow, improves volumetric efficiency, 

and reduces the amplitude of flow and pressure pulsations. 

Overall, the proposed design ensures effective 

trapped oil relief under both operating conditions by im-

proving pressure synchronization and regulating flow con-

nectivity, thereby enhancing the hydraulic stability of the 

gear pump. 

   

a b 

Fig. 4 Curved unloading groove structure analysis: a – zero-

backlash gear pair, b – gear pair with backlash 

3. Fluid Simulation Analysis of an External Gear Pump 

Regarding external gear pumps, this study per-

forms computational fluid dynamics (CFD) simulations for 

both the original unloading groove design and the improved 

unloading groove design, under conditions where the gear 

pair meshing exhibits backlash and under idealized meshing 

(zero clearance). Based on the simulation results, a compar-

ative analysis is conducted on the influence patterns of these 

two designs on key performance parameters of the pump, 

specifically the inlet/outlet flow pulsation and trapped oil 

pressure. The simulation workflow is depicted in Fig. 5. 
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Fig. 5 Flowchart for fluid dynamics simulation of an exter-

nal gear pump 

3.1. Physical model establishment of the external gear 

pump 

The concrete steps for establishing a physical 

model of the external gear pump are as follows. 

Gears serve as the core transmission components 

within an external gear pump, primarily responsible for fluid 

conveyance. Fluid suction, compression, and discharge are 

accomplished through the continuous meshing and rotation 

of a gear pair, typically comprising a driving gear mounted 

on the input shaft and a driven gear on the output shaft. As 

the gears rotate, enclosed chambers are formed between the 

meshing teeth, allowing the fluid to be entrapped, pressur-

ized, and expelled accordingly [22, 23]. 

By using the software SOLIDWORKS to establish 

different external meshing gears, the gear pump studied in 

this article is divided into two types, i.e., gear meshing with-

out backlash and gear meshing with backlash, By increasing 

the center distance between the two external gears, then the 

gear set without backlash is converted into a gear set with 

backlash. 

SOLIDWORKS was utilized to construct two rep-

resentative gear configurations: one without backlash, rep-

resenting ideal precision conditions, and another with de-

signed backlash to reflect typical manufacturing tolerances. 

Tooth backlash was implemented by reducing the tooth 

thickness of the gears, not only simulates assembly clear-

ances but also reflects real-world manufacturing deviations. 

Table 1 outlines the core meshing parameters, such 

as module, tooth count, and center distance, all of which sig-

nificantly influence the sealing performance and trapped oil 

behavior of the pump. 

Table 1 

Gear meshing parameters 

 
Without back-

lash 
With backlash 

Modulus 4.5 4.5 

Number of teeth 10 10 

Tooth thickness, mm 7.069 7.059 

Tooth width, mm 23 23 

Addendum circle clearance, mm 0.01 0.01 

 

Fig. 6 Gear pump fluid domain model 

Based on the working principle of PumpLinx soft-

ware, fluid simulation requires extracting the fluid domain 

model of the gear pump. This section takes the gear pump 

with a tooth backlash shaped unloading groove as an exam-

ple, and extracts the fluid domain of different types of gear 

pumps through Boolean operations in SOLIDWORKS soft-

ware. The fluid domain model of the external gear pump is 

presented in Fig. 6. 

3.2. Import and pre-processing of fluid domain model 

There are mainly five steps to import and prepro-

cess of the fluid domain model: 

1. Regional division. 

Convert the fluid domain model extracted in 

SOLIDWORKS to “stl” format and import it into PumpLinx 

software. Then, in PumpLinx software, divide the fluid do-

main model of the external gear pump into three parts: the 

inlet area, the gear meshing area, and the outlet area.  

2. Grid division. 

Generally, flexible grid partitioning is performed 

based on the geometric shape and flow field characteristics 

of the fluid domain to better adapt to complex geometric 

shapes, reduce the number of grids and computational com-

plexity, and better handle boundary conditions, thereby im-

proving the accuracy, stability, and efficiency of simulation. 

This work uses the General Mesher and Rotor 

Template Mesher functions that come with PumpLinx to in-

put boundary conditions, mesh size, and other parameters to 

achieve universal mesh partitioning of the inlet and outlet  

 

 

a 

 

b 

Fig. 7 Grid division in different regions: a – grid of inlet and 

outlet areas, b – grid of gear meshing area 
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areas and dynamic mesh partitioning of the gear meshing 

area, as illustrated in Fig. 7 

3. Interactive surface creation. 

Following the generation of general meshes for the 

inlet and outlet regions and dynamic meshes for the gear 

meshing area, it is necessary to define interaction surfaces 

due to differences in mesh density and type across these 

zones. These interfaces enable accurate fluid exchange be-

tween regions and allow the simulation to capture multiscale 

flow characteristics effectively [24]. The final comprehen-

sive interaction surface layout is shown in Fig. 8. 

 

Fig. 8 Interaction surface area 

4. Parameter settings. 

To ensure that the numerical results accurately re-

flect the actual operating conditions of the gear pump, the 

proper definition of boundary conditions is essential. In this 

study, transient simulations of the gear pump under rated 

operating conditions were conducted using the PumpLinx 

platform. The boundary conditions were defined in accord-

ance with experimental measurements and practical engi-

neering conditions. 

The gear motion was modeled as rigid-body rota-

tion. The driving gear rotates counterclockwise at a speed of 

1200 r/min based on the experimental setup, while the 

driven gear rotates synchronously through gear meshing 

constraints. Considering that the experimental rig adopts an 

open-tank suction system, the inlet boundary was set to at-

mospheric pressure of 0.1 MPa, and the outlet pressure was 

set as a high-pressure regulated boundary condition. 

The working fluid is a commercial 46# anti-wear 

hydraulic oil used in this study, with a density of 850 kg/m³, 

temperature of 35°C, and dynamic viscosity of 0.02993 

Pa·s. The effective bulk modulus was set to 1.5 × 10⁹ Pa. To 

accurately capture pressure spikes in the trapped oil region, 

a compressible flow model was enabled. A volumetric air 

content of 0.5% was considered, and the outlet pressure was 

adjusted and specified according to the actual operating con-

ditions. 

To determine the flow regime, the Reynolds num-

ber is evaluated under rated operating conditions. In gear 

pumps, the characteristic velocity is defined as the circum-

ferential speed of the gear pitch circle, while the character-

istic length is taken as the gear module. The Reynolds num-

ber is therefore expressed as 

rpmmn
Re




= , (19) 

where nrpm = dn  60,  is the fluid density,  is the dynamic 

viscosity, and m is the gear module. Based on the operating 

condition of 1200 r/min and the physical properties of the 

hydraulic oil, the calculated Reynolds number exceeds the 

laminar–turbulent transition range commonly observed in 

internal gear pump flows. Therefore, a turbulence model is 

employed in the CFD simulation.  

The general specific parameters of the gear pump 

set in this article are given in Table 2. 

The general specific parameters of the medium oil setting 

are shown in Table 3.  

5. Establishment of monitoring points. 

Due to the need to detect the pressure pulsation in 

the trapped oil area, it is necessary to establish dynamic 

monitoring points in the trapped oil area of the gear pump 

to obtain the characteristic value and characteristic curve of 

a specific point in the fluid domain of the gear pump during 

the simulation process, as shown in Fig. 9. Three trapped 

area monitoring points are established in the figure. 

Table 2  

Mechanical parameters 

Attribute Parameters 

Number of rotations 4 

Number of gear teeth 10 

Direction of rotation Anticlockwise 

Revolution speed, rpm 1200 

Table 3  

Oil parameters 

Attribute Parameters 

Oil temperature, C 35 

Dynamic viscosity, Pa·s 0.02993 

Density, kg/m³ 850 

Inlet pressure value, MPa 0.1 

Volumetric air content 0.5% 

 

Fig. 9 Establishment of monitoring points 

3.3. Mesh independence validation 

Mesh quality has a direct impact on the accuracy 

and stability of numerical simulations. For internal flow 

problems in gear pumps involving dynamic meshing and cy-

clic variation of the trapped volume, excessively coarse 

meshes may fail to capture transient pressure peaks in the 

trapped oil region and local flow gradients. Conversely, 

overly refined meshes significantly increase computational 

time per time step and the total number of solver iterations, 

resulting in excessive computational cost with limited im-

provement in accuracy. Therefore, selecting an appropriate 

mesh resolution while ensuring convergence of key physical 

quantities is a necessary step in numerical modeling. 
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To verify the suitability of the mesh used in this 

study, a systematic mesh independence analysis was per-

formed. Mesh independence refers to the condition in which 

further mesh refinement leads to negligible changes in the 

computed results, satisfying 

1

1

i i

i



 




+

+

−
 , (20) 

where i denotes the characteristic physical quantity under 

the i-th mesh level, and  represents the allowable error 

threshold. In this study, a value of 1% is adopted as the con-

vergence criterion.  

Taking the external gear pump model without side 

clearance as an example, four mesh configurations with dif-

ferent densities were generated by adjusting the maximum 

and minimum element sizes, denoted as Mesh I, Mesh II, 

Mesh III, and Mesh IV. As the mesh level increases, the to-

tal number of elements increases accordingly. In particular, 

finer discretization is applied in the meshing region, the inlet 

and outlet zones, and the unloading groove region to im-

prove the resolution of pressure gradient variations. 

Table 4  

Mesh density parameter settings  

 
Mesh 

I 
Mesh 

II 
Mesh 

III 
Mesh 

IV 

Gen-
eral 

Mesher 

Minimum cell 
size 

0.002 0.0012 0.0004 0.0002 

Maximum cell 
size 

0.1 0.06 0.02 0.01 

Curved cell 
size 

0.05 0.03 0.01 0.005 

Rotor 
Tem-
plate 

Mesher 
 

Cells in Rota-
tionl Direction 

180 360 360 360 

Cells in Radial 
Direction 

4 6 8 10 

Cells in Axial 
Direction 

8 10 12 14 

 

Under identical boundary conditions and solver 

settings, transient simulations were performed for the four 

mesh cases. By segmenting the pressure history over a rep-

resentative cycle, the instantaneous maximum pressure dur-

ing each trapped-oil formation and compression stage, 

Pmax,i, was extracted. The cycle-averaged peak pressure of 

the trapped oil region, P̅max, is defined as 

1

1 N

max max,i
ii

P P
N =

=  , (21) 

where Ni denotes the number of trapped-oil formation 

events within the statistical cycle.  

Comparisons are then performed among the ex-

tracted instantaneous peak pressure values, the cycle-aver-

aged peak pressure, and the time-averaged flow rate ob-

tained from the simulations. 

As shown in Figs. 10-12, by comparing the peak 

pressure curves in the trapped oil region, as well as the var-

iations in the mean trapped-oil pressure and the time-aver-

aged outlet flow rate under different mesh densities, the 

mesh convergence can be evaluated. The peak pressure 

curves obtained using Mesh III and Mesh IV show good 

agreement. When refining the mesh from Mesh III to Mesh 

IV, the variation rate of the mean trapped-oil pressure is 

0.939%, and that of the mean outlet flow rate is 0.346%. 

Both remain within the acceptable error range, indicating 

that the numerical results have reached a stable state. Fur-

ther mesh refinement has a negligible impact on the results 

but leads to a significant increase in computational cost. 

Considering both accuracy and efficiency, Mesh 

III is selected as the standard mesh for subsequent simula-

tions. This mesh provides sufficient accuracy in predicting 

trapped-oil pressure peaks and flow characteristics while 
 

 

Fig. 10 Trapped oil Pressure peaks under different mesh 

types 

 

Fig. 11 Mean peak trapped oil pressure peaks under differ-

ent mesh types 

 

Fig. 12 Mean discharge flow under different mesh types 

maintaining a reasonable computational cost, thus ensuring 

a reliable numerical foundation for further fluid dynamic 

analysis of the gear pump. 
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4. Analysis of Simulation Results 

For gear pumps with two different unloading 

groove geometries, modeled both with and without tooth 

backlash, the corresponding fluid domain models are im-

ported into PumpLinx for simulation. Upon completion of 

the simulation, critical output data—including flow pulsa-

tion, pressure contour maps, and pressure curves at the inlet 

and outlet—are extracted under defined working conditions. 

These results are subsequently analyzed and compared to 

assess the impact of groove geometry and backlash presence 

on pump performance. 

4.1. Data analysis of pressure  

In Fig. 13, the pressure cloud maps are utilized to 

evaluate the internal pressure distribution of various gear 

pump configurations. Specifically, this study selects cloud 

maps covering the entire meshing cycle—from the initiation 

of gear contact and the formation of the trapped oil zone to 

the disengagement phase where the trapped oil zone is re-

leased. By analyzing these visualized pressure fields in con-

junction with pressure curves recorded at monitoring points 

within the trapped oil region, a comprehensive comparison 

of internal pressure behavior under different structural con-

ditions is performed. 

As shown in Fig. 14, when the Irregular-shaped un-

loading groove is applied in the absence of tooth backlash, 

the trapped oil region is divided into two isolated enclosed 

chambers. Due to the lack of pressure relief in one of the 

 

   

a b 

  

c d 

Fig. 13 Contours of fluid pressure for different gear pumps: 

a – fluid pressure contour diagram of irregular-

shaped unloading groove without backlash, b – fluid 

pressure contour of curved unloading groove with-

out backlash, c – contour of fluid pressure in pro-

filed unloading groove with backlash, d – fluid pres-

sure contour of the curved unloading groove with 

backlash 

chambers during operation, severe pressure buildup occurs, 

indicating the presence of an intensified oil entrapment ef-

fect. This situation arises because when one chamber 

connects to the outlet, the other remains sealed, preventing 

timely pressure dissipation. In contrast, the Curved unload-

ing groove – featuring a symmetrical configuration and op-

timized groove spacing – ensures that both trapped oil re-

gions can sequentially communicate with the suction and 

discharge ports. This configuration significantly improves 

the pressure relief process, lowers peak pressure, and re-

duces the severity of oil entrapment. 

In the presence of tooth backlash, the Irregular-

shaped unloading groove introduces a low-pressure region 

near the oil outlet, which may connect with the suction port 

and cause undesirable backflow. This backflow disrupts the 

pressure balance and reduces the volumetric efficiency of 

the pump. In addition, minor fluctuations in the pressure 

profile may occur due to this reverse flow. The Curved un-

loading groove, with its increased separation between inlet 

and outlet channels, effectively prevents such adverse flow 

communication. Consequently, pressure fluctuation is alle-

viated, and the overall pressure field becomes more uni-

form, demonstrating the improved hydraulic stability and 

effectiveness of the optimized groove design. 

 

a 

 

b 

Fig. 14 The pressure of the oil trap zone of the fluid of dif-

ferent gear pumps: a – pressure value of oil trapped 

area of two kinds of unloading groove with backlash. 

b – pressure value of oil trapped area of two kinds 

of unloading groove without backlash 

At the same time, output the pressure curve ob-

tained from the monitoring points in the trapped oil area, and 

organize the maximum pressure value at each formation of 

the trapped oil area. In order to avoid the error in the initial 
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stage of simulation, the data of two cycles of rotation of the 

simulated gear pump from 0.04 s to 0.12 s is selected here. 

It can be seen from Fig. 14 that in the absence of 

tooth backlash, the pressure in the trapped oil region associ-

ated with the Irregular-shaped unloading groove reaches a 

maximum of approximately 18 MPa, indicating severe pres-

sure buildup due to incomplete pressure relief in isolated oil 

pockets. This phenomenon arises when one of the sealed re-

gions is connected to the outlet while the other remains en-

closed, preventing timely pressure release. In contrast, the 

Curved unloading groove reduces the peak pressure to about 

15.5 MPa, reflecting a significant improvement in pressure 

relief effectiveness through symmetrical groove design and 

optimized spatial layout. 

In the presence of tooth backlash, the Irregular-

shaped unloading groove produces relatively moderate pres-

sure levels in the trapped oil zone; however, localized fluc-

tuations are observed, likely attributed to backflow between 

the suction and discharge regions. The Curved unloading 

groove effectively suppresses such fluctuations by prevent-

ing simultaneous communication between inlet and outlet 

ports. As a result, the pressure curve within the trapped oil 

zone exhibits improved stability, demonstrating enhanced 

dynamic behavior of the pump under backlash conditions. 

4.2. Comparison of simulated and experimental flow data 

To verify the performance of the optimized unload-

ing groove structure under actual operating conditions, ex-

perimental data are compared with CFD simulation results 

to evaluate the fluid characteristic parameters of the opti-

mized structure in the external gear pump. By measuring the 

outlet flow rates of gear pumps equipped with two different 

unloading groove structures, the real operating state of the 

internal flow can be reflected, and the effectiveness of the 

structural optimization can be further validated. Meanwhile, 

the experimental results are also used to verify the accuracy 

and reliability of the CFD simulation model. 

The experimental test rig mainly consists of a mo-

tor, coupling, transmission shaft, plunger pump, external 

gear pump, suspension system, oil tank, relief valve, suction 

and discharge pipelines, flow sensors, and a data acquisition 

system. The working fluid used in the experiments is ISO 

VG 46 anti-wear hydraulic oil. During the experiments, oil 

temperature, fluid viscosity, and load pressure are strictly 

controlled to ensure consistency between the experimental 

conditions and actual operating conditions, thereby improv-

ing the engineering representativeness and reliability of the 

measured data. 

The instantaneous flow signal at the outlet is col-

lected in real time using flow and pressure sensors, provid-

ing complete time-domain flow data. These data serve as the 

basis for subsequent calculations and comparisons of aver-

age flow rate, volumetric efficiency, and flow non-uni-

formity coefficient. 

In the CFD post-processing stage, instantaneous 

flow data are extracted from the outlet monitoring surface 

and then organized and statistically compared with the ex-

perimentally measured flow data obtained from the flow 

sensors, enabling a comprehensive validation of the con-

sistency between the numerical model and the actual flow 

behavior. 

As shown in Fig. 15, further analysis reveals that, 

compared with the Irregular-shaped unloading groove, the 

Curved unloading groove significantly reduces the fluctua-

tion amplitude of the outlet flow rate over the entire operat-

ing cycle, resulting in a more continuous and stable flow 

output. This improvement is mainly attributed to the smooth 

arc transition of the Curved unloading groove, which ena-

bles a more gradual pressure relief process in the trapped oil 

region and effectively suppresses flow pulsations induced 

by abrupt pressure variations. 

Under the condition with backlash, this stabilizing 

effect becomes even more pronounced. The presence of 

backlash intensifies internal leakage and flow disturbances, 

which tends to amplify flow fluctuations in the conventional 

structure. However, the Curved unloading groove partially  

 

 

a 

 

b 

Fig. 15 Instantaneous flow rate curves of the irregular-

shaped and curved unloading grooves in experiment 

and simulation: a – without backlash. b – with back-

lash 

compensates for the instability introduced by backlash by 

optimizing the pressure release pathway of the trapped vol-

ume, thereby significantly improving the uniformity and 
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stability of the outlet flow. Overall, the Curved unloading 

groove demonstrates a more prominent improvement in 

flow stability under complex backlash conditions. 

The flow non-uniformity coefficient is used to an-

alyze and evaluate the flow quality of the external gear 

pump [25]. When the flow non-uniformity coefficient of 

flow pulsation is larger, the flow pulsation of the external 

gear pump becomes more severe, resulting in stronger noise 

under the same load conditions. 

The flow non-uniformity coefficient is the ratio of 

the difference between the maximum and minimum flow 

rates to the average value. It can intuitively reflect the 

smoothness of the flow pulsation at the inlet and outlet of a 

gear pump [26]. The instantaneous flow values of the inlet 

and outlet are obtained through simulation. Then, eliminat-

ing singular values caused by simulation errors, calculating 

the average flow rate, find the corresponding maximum 

value Qmax and the minimum value Qmin to calculate the flow 

non-uniformity coefficient. The flow nonuniformity coeffi-

cient is defined as 

100max min
Q

Q Q
%

Q


−
=  , (22) 

where Qmax is the maximum instantaneous flow in a single 

rotation cycle; Qmin is the minimum value of instantaneous 

flow; Q̅ is the periodic average flow. If continuous monitor-

ing is adopted, its expression is 

( )
0

1 T

Q Q t dt
T

=  , (23) 

where T is the rotation cycle of the gear. 

If discrete sampling is adopted, the expression is 

1

1 N

ii
Q Q

N =
=  , (24) 

where N is the quantity set of samples. 

Table 5 

Flow data indices of the oil outlet under the case of irregular-shaped unloading groove 

 

Without backlash With backlash 

Volumetric 

efficiency 

Flow non-uniformity co-

efficient 

Volumetric 

efficiency 

Flow non-uniformity co-

efficient 

Irregular-shaped un-

loading groove 

experiment 0.877 0.149 0.840 0.223 

simulation 0.892 0.122 0.875 0.213 

Curved unloading 

groove 

experiment 0.909 0.097 0.873 0.139 

simulation 0.935 0.105 0.911 0.132 

 

The flow data index of the oil outlet corresponding 

to the Irregular-shaped unloading groove and Curved un-

loading groove are given in Tables. 

By comparing the data presented in Table 5, it can 

be concluded that operating conditions without backlash 

generally exhibit better performance in terms of volumetric 

efficiency and flow non-uniformity coefficient compared 

with those with backlash. This indicates that the presence of 

backlash increases internal leakage and flow disturbances, 

thereby reducing volumetric utilization and aggravating out-

let flow fluctuations in the gear pump. 

Further analysis shows that under conditions with 

backlash, the Curved unloading groove demonstrates a more 

significant improvement in flow stability compared to the 

Irregular-shaped unloading groove. This is mainly at-

tributed to its smoothly varying geometric transition, which 

optimizes the pressure release path of the trapped oil vol-

ume, effectively mitigating the additional leakage and pres-

sure pulsation induced by backlash, and thus leading to a 

more stable flow output. 

In addition, the comparison between simulation 

and experimental results under identical operating condi-

tions shows that the relative error is generally within 0.05, 

indicating a high level of agreement. This not only validates 

the reliability of the CFD model in predicting the flow char-

acteristics of the gear pump, but also further confirms the 

effectiveness and practical performance improvement of the 

Curved unloading groove in engineering applications. 
It should be noted that a certain degree of measure-

ment uncertainty is unavoidable in the experimental pro-

cess. The main sources of uncertainty include the accuracy 

and calibration error of the flow sensors, the resolution of 

the data acquisition system, fluctuations in oil temperature 

and viscosity, as well as manufacturing and assembly toler-

ances of the gear pump components. In particular, small var-

iations in tooth backlash, side-plate clearance, and unload-

ing groove dimensions may affect the actual leakage char-

acteristics and pressure-relief behavior, thereby introducing 

deviations between the numerical and experimental results. 

To reduce the influence of these factors, all exper-

iments were conducted under carefully controlled operating 

conditions, with the oil temperature, rotational speed, and 

outlet pressure maintained as constant as possible through-

out the testing process. In addition, repeated measurements 

were performed to ensure the repeatability and consistency 

of the acquired data. Considering the combined effects of 

experimental uncertainty and numerical modeling assump-

tions, the observed deviation between simulation and exper-

iment remains within an acceptable range. Therefore, the 

CFD model can be regarded as sufficiently accurate for cap-

turing the pressure-relief mechanism and flow characteris-

tics of the optimized unloading groove, providing a reliable 

basis for the structural optimization and performance evalu-

ation of the external gear pump. 

5. Conclusions 

This work is based on a specific model of an exter-

nal gear pump and centers on the optimization of the fluid 

dynamic design of the unloading groove, with a particular 

focus on operating conditions both with and without tooth 

backlash. SolidWorks is employed to construct the physical 

models incorporating different configurations of the unload-

ing groove, while PumpLinx is utilized to simulate the 
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internal flow fields. Through numerical simulation, critical 

performance indicators – including pressure distribution, 

trapped oil pressure, flow pulsation, and volumetric effi-

ciency – are extracted and comparatively analyzed. 

The performance of the original Irregular-shaped 

unloading groove and the Curved unloading groove is sys-

tematically evaluated under both backlash and non-backlash 

scenarios. The conclusions of this study are as follows: 

1. Under conditions without tooth backlash, the 

Curved unloading groove significantly enhances flow sta-

bility while maintaining high volumetric efficiency. It effec-

tively mitigates the pressure buildup in the trapped oil zone, 

thereby improving overall hydraulic performance. 

2. In the presence of tooth backlash, the Curved un-

loading groove substantially reduces pressure pulsation in 

the trapped oil region and alleviates flow pulsation, contrib-

uting to smoother and more efficient pump operation. 

3. For the dynamically optimized Curved unload-

ing groove, the pressure pulsation in the trapped oil region 

remains relatively consistent between the backlash and non-

backlash conditions. However, the average flow rate is 

lower when backlash is present, although the corresponding 

flow pulsation is notably reduced. 

These findings demonstrate that the Curved un-

loading groove contributes positively to the dynamic perfor-

mance of external gear pumps across different structural 

conditions. Given that achieving minimal tooth backlash re-

quires high-precision manufacturing – which entails addi-

tional cost – it is recommended that the selection of backlash 

tolerances for pumps equipped with the Curved unloading 

groove be adapted according to actual operational require-

ments and economic considerations. 

Based on the simulation and experimental results, 

we propose the following systematic design suggestions 

1. Dynamic compensation and adaptive design 

The initial setting of backlash should take into ac-

count both static assembly accuracy and dynamic operation 

characteristics. It is recommended to use the micron preci-

sion clearance benchmark, with the leakage suppression as 

the dominant constraint, and fully consider the thermal ex-

pansion and elastic deformation effect of the gear pair under 

high speed and high pressure. Through the selection of low 

expansion materials and the design of elastic support struc-

ture, the thermal mechanical coupling adaptive mechanism 

is constructed to dynamically adjust the gap value with the 

change of temperature and pressure, so as to avoid interfer-

ence stagnation or out of control gap. 

2. Multi parameter collaborative optimization 

The tooth backlash needs to be designed in coordi-

nation with key parameters such as the layout of the unload-

ing groove and the tooth tip clearance. The geometric char-

acteristics of the unloading groove should dominate the 

trapped oil pressure relief path to avoid the backlash becom-

ing the main leakage channel. The two need to form a func-

tional complement through the area ratio of the channel. The 

ratio of tip clearance to backlash needs to be coordinated 

and optimized to establish a balance between preventing the 

friction of sweeping bore and restraining the leakage of end 

face. It is suggested to adopt the multi-objective optimiza-

tion algorithm to synchronously iterate the clearance param-

eters and the macro geometry of the gear, so as to compre-

hensively improve the efficiency, pressure stability and 

noise performance. 
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Z. Shan 

OPTIMIZATION DESIGN OF FLUID DYNAMIC 

PERFORMANCES OF EXTERNAL GEAR PUMP 

S u m m a r y 

External gear pump is a commonly used pump in 

hydraulic transmission system, and its dynamical perfor-

mance directly affects the working stability and efficiency 

of the system. The tooth backlash is one of the important 

factors influencing the flow pulsation of the external gear 

pump, and the design of the unloading groove is an im-

portant measure to alleviate the oil trapping phenomenon, 

which can effectively alleviate the pressure of the oil trap-

ping area, and will also have a certain effect on the flow pul-

sation and pressure pulsation, and the effect of different 

kinds of unloading grooves is also different. In this work, 

the software PumpLinx is applied to simulate the fluid dy-

namics of the gear pump equipped with an irregular-shaped 

unloading groove in the presence or absence of tooth back-

lash. The optimal design of the unloading groove is carried 

out to improve the performance of the gear pump to a certain 

extent. The results of this study have important reference 

value for the dynamic design and optimization of external 

gear pumps. 

Keywords: fluid dynamics, external gear pump, dynamic 

design, tooth backlash, flow pulsation.  
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