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In recent years, an increasing number of high-speed yachts and patrol boats have been pro-
pelled by Surface Piercing Propellers (SPP). This was due to the several attractive advantages 
offered by this type of propellers. These are manifested in unrestricted propeller diameter, 
minimum appendage drag, and excellent cavitation performance. The performance of this 
type of propulsion is influenced by some extra factors which do not exist in case of conven-
tional (fully submerged) propellers. These factors are shaft inclination angle, immersion 

area, and Weber's number. In this work, the test results of model testing of SPPs are ex-
pressed in different notations which reflect the new parameters involved. A new design chart 
is also developed to help determine diameter, pitch, and efficiency of surface piercing pro-
pellers under different loading conditions.  

في السنوات القليلة الماضية حدث نمو مضطرد في استخدام الرفاصات البحرية المغموور  زئييوا اوالتوي ت ووم ة مود  هدارتزوا وزوئ  
رفاصوات  بير مم ةقطارها خارج المياه( في تسيير ودفع المر بات البحرية السريعة والسبب المباشور لزو ا هوو المئايوا العديود  لتلو  ال

ومنزا هم انية استخدام ةقطار ة بر مع نقص ملحوظ فوي اع اقوة الناشوية  وم ملحقوات السووم وخصوصوا  نود السور ات العاليوة  و ل  
يعتمود ةدا  هو ه الرفاصوات  لوي بعوو العوامو  التوي ع توالر  لوي الرفاصوات  الأدا  الزيد لتل  الرفاصات بالنسبة لظواهر  الت زو  

فووي حالووة كموور  لووي و تتملوو  تلوو  العواموو  فووي ميوو  ة موود  اعدار  وتغيوور مسوواحة الزووئ  المغمووور مووم قوورص  التقليديووة والتووي ت وووم
الرفاص و  ل  توثلير التووتر السوطحي للموا   لوي تغلو  الزووا  حوو  قورص الرفواص ةلنوا  دخوو  وخوروج العنووات موم والوي سوط  

مور  زئييا سوا  المعملية ةو النظريوة وضورور  وضوعزا فوي شو   يتناو  ه ا البحث طريقة  رو نتايج ةدا  الرفاصات المغ الما  
يبرئ خصوصية  م  تل  الرفاصات   ل  تم اقتراح  بعو الخرايط التي تحتوي نتايج اعختبارات المعملية لمزمو ة ةو سلسولة موم  

 مختلوة        د  ند ةحما  تشغيتل  الرفاصات والتي يم م  م طريقزا تصميم رفاص ليناسب قارب سريع ةو تقييم ةدا  رفاص موزو
 

Keywords:  Surface piercing propellers, SPP, Propeller design chart, Surface drive, Partially 
submerged propellers 

 

 

1. Introduction 
 

A surface-piercing propeller is classified 

among unconventional propulsor family be-

cause of its particular mode of operation. [1]. 

It operates at partially submerged conditions 
where the propeller shaft is extended out 

through the transom of the vessel; fig. 1. 

Blade sections, as well as, outline are shaped 

differently from conventional propellers. Sharp 

leading edges, straight trailing edges, wedge or 

concave sections are typical features in sur-
face propellers.    

Propulsion systems utilizing surface 

piercing propellers are classified in two main 

groups. These are fixed and articulated sys-

tems. The former is more simple while the 
later needs some what complicated mecha-

nism. Fig. 2 displays the main features of each 

group. 

Surface-piercing propellers possess a 
number of attractive advantages over sub-

merged propellers. Appendage drag due to 

shafts, struts, propeller hub, etc. are very 

much reduced if not eliminated. Propeller  size 

is not limited by blade tip clearance from the 
hull or maximum vessel draft and hence larger 

propellers can be used which is reflected posi-

tively on higher propulsive efficiency. Finally, 

blade surface erosion caused by cavitation are 

largely reduced. 
 

 
 

Fig. 1. Surface piercing propeller. 
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Fig. 2. Surface pierce propulsion systems. 

 

Surface Piercing Propeller proved to be a 

very efficient propulsion device for high speed 
shallow draft crafts. Each of the other propul-

sion devices in use for high speed crafts has 

its own drawbacks. Conventional propellers 

suffer from cavitation at high speeds. Super 

cavitating propellers on the other hand exhibit 
high appendage drag. Waterjets and the asso-

ciated duct configurations have relatively 

heavy installations weight.   

A number of model testing was carried out 

to measure the performance of surface pierc-

ing propellers in free surface tunnels and/or 
towing tanks. Examples include [2-4], and [5]. 

Other tests, measuring propeller thrust and 

torque, together with vertical and horizontal 

forces and moments are also carried out and 

reported in [6,7] and [8].  
Ferrando et al. [9] have tested a series of 

surface piercing propellers and experimentally 

investigated the influence of Weber's number 

on transition. They also proposed modified 

torque and thrust coefficients based on im-

mersed area.   
Numerical analysis of surface piercing 

propellers have been done by several re-

searchers using different approaches varying 

in the level of sophistication. Oberembt [10] 

used a lifting line model assuming no natural 
ventilation of the propeller. Furuya [11] in-

cluded ventilation in his lifting line approach. 

Kinnas et. al. [12] developed a 2D time 

marching panel method to analyze the flow-

field around and past partially submerged 

propellers.  
Due to the impeded limiting assumptions 

and simplifications in these numerical analy-

sis regarding flow aspects associated with 

surface piercing propeller operation, one still 

has to rely on experimental results.   
Unlike conventional propellers, very few 

surface piercing propellers systematic data 

exist. These are incomplete, scattered, and are 

not presented in such a way to reflect signifi-

cant operating parameters.  Hence, it is very 

much recommended to document the little 
scattered data and present them in a useful 

form suitable for practical design, and per-

formance assessments. 

The objective of the current work is to re-

examine the existing data of surface piercing 
propeller model tests and present such data in 

different forms which better reflect the par-

ticular operating aspects involved. Also, dia-

grams and charts are prepared and suggested 

for use in design and prediction of the per-

formance of surface-piercing propellers.  
Table 1 gives a summary of available test 

results on surface piercing propellers. It is to 

be noted that some of the test conditions 

and/or geometrical particulars are not re-

ported or just missing.  
 

2. Performance analysis 

 

Curves presenting open water performance 

for surface piercing propellers look quite dif-

ferent from conventional propellers.  Typical 
thrust coefficient KT versus advance coefficient 

J curve for fully and partially submerged pro-

pellers are shown in fig. 3. It can be seen that 

static thrust for SPP's and partially submerged 

propellers is much less than conventional 

propellers. At low values of advance coefficient 
the surface piercing propeller behaves in an 

opposite trend to conventional propeller. The 
K T – J curve is characterized by a sudden 

thrust increase at a particular J value. This 

value was found to be a function of both im-

mersion ratio and Weber's number. It actually 

occurs between two regions of operations; 
namely base vented and fully vented [13]. 

The advance coefficient J where complete 

ventilation takes place is termed the critical 
advance coefficient JCR. At this value, both 

thrust and torque coefficient of SPP exhibit 

discontinuities; see fig. 4.   
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Table 1 
Summary of available test results on surface piercing propellers 

 

Series name 
No. of 

blades 
BAR P/D 

Immersion 
ratio (IT) 

Inclination 

angle () 

Rolla (8) 4 0.8 

0.9 
1.1 

1.2 
1.4 
1.6 

0.47 80 

VeemSurf (16) 

3 

4 
5 

0.45  

0.60  
0.75 

0.85 
To 1.25 

- - 

L4.68 (13) 4 0.68 

0.8 

1.0 
1.2 
1.4 

0.4 

0.5 
0.6 
0.7 

40 

60 

80 

CP372(2) 5 0.72 1.19 
0.3 
0.4 
0.5 

- 

Teignbridge 
propellers (6) 

4 
5 

- 1.50 

0.3 

0.5 
0.8 

- 

 

 

 
 

Fig. 3. Open water thrust curves for fully and partially 
submerged propellers. 

 

 
 

Fig. 4. Typical thrust speed curve for SPP's. 

 

To understand the reasons behind such 

different performance pattern, it was neces-

sary to look at the factors affecting such per-

formance. For surface piercing propellers 
thrust, torque coefficients, and hence effi-

ciency are functions of a number of geometri-

cal and operational parameters. These are 

number of blades, pitch ratio, blade area ratio, 

shaft yaw and pitch angles, immersion ratio, 

advance coefficient, Reynold's, Froude’s and 
Weber's numbers. Immersion ratio and We-

ber's numbers are particular factors in case of 

surface piercing propellers due to their special 

mode of operation.  

The influence of the number of blades, 
pitch ratio, blade  area ratio and advance co-

efficient on the behavior of a surface piercing 

propellers  is much the same as in the case of 

fully immersed propellers. The same is true for 

the Reynold's number.  

The influence of Froude's number is rele-
vant as the propeller acts at the interface be-

tween air and water much like hulls. The in-
fluence of Fn based on the diameter of the 

propeller as the length parameter and nD as 

the speed, vanished when the air cavity ap-

proaches its ultimate form, i.e. for Froude's 
numbers greater than 3 [14], and greater than 

4 [2] as limiting values beyond which the in-

fluence disappears. Hence, provided that open 
water tests are performed at Fn beyond the 

threshold values, the Froude's number iden-

tity can be avoided during the tests without 
affecting the full scale performance of the pro-

peller. 

According to [14], surface tension plays its 

role when the propeller is about to be fully 
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ventilated. Complete ventilation is a rather 

sudden phenomenon that can be correlated to 
a particular value of J; namely JCR. The critical 

advance coefficient can roughly be located in 
the middle of the transition region and the 
sudden drop of KT and KQ identify its position. 

Correlation between Weber's numberand JCR 

for surface piercing propellers was studied in 

[9] and [14]. The threshold value depends on 

the form of Weber number used.   
Depending on the form of Weber's number, 

experimental work showed that there is also a 

threshold value beyond which the perform-

ance of SPP is not affected by Weber's num-

ber. Table 2 shows these threshold values 
where k is the fluid kinematic capilarity.  

As far as known, provided that open water 

tests are performed in agreement with the 

above requirements, the performance of SPPs 

can be scaled in the same fashion as conven-

tional propellers, i.e. by applying a Reynolds 

number correction only. 
The immersion coefficient IT is the ratio 

between the maximum blade tip immersion ht 
and the propeller diameter D and the value of 

this coefficient indicates how much of the pro-

peller is working under water. It is defined as 

follows:  
 

D

h
I t
T  .              (1) 

 

The immersion ratio ht/D is related to 

submerged area ratio A0/D2 as:   
 

 TIcos.
D

A
21250 1

2

0           

    ..IIII. TTTT 01150       (2) 

 
IT = 1.0 indicates that the propeller is fully 

immersed. The corresponding submerged area  

 
Table 2 
Threshold values 

 

Weber's number form Threshold value 

k

Dn 32
 180 

k

hDn t
22

 270 

ratio is /4, see fig. 5. IT is the most significant 

parameter that indicates whether the propeller 

is fully or partially submerged. 

Propeller thrust, torque, speed and open 

water efficiency are generally presented in non 
dimensional forms as:  

 

(3) 
2

5242

                                          .
J

K

K

nD

V
J

Dn

Q
K

Dn

T
K

Q

TA

QT










     

For propellers working at varying  values 

of immersion ratios IT and shaft inclinations,  

it is necessary to redefine the above coeffi-
cients in such a way to include both parame-

ters. A form suggested by Fernando (9) is 

given as: 
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The new forms of coefficients are still non 

dimensional and are related to conventional 

form as: 

 
 

     

     

   .cos'cosJ'J

III.Icos.

K
K
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K
K

TTTT

Q'
Q

TTTT
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T

 











15021250

15021250

1

1

  

                       (5) 

 

It was found out that when using these 

modified coefficients, the results for a propel-

ler tested at different values of immersion ra-
tios collapse into one single curve for advance 
coefficient greater than JCR.  Fig. 6 shows that 

KT is dependent on immersion ratio while K'T  
is not. Hence, the curves K'T and K'Q versus J'. 

are independent of the  immersion  of  the  pro 

peller. Below the transition this is no longer 

true. 
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Fig. 5. Submerged area ratio versus immersion ratio. 
 

 
 

Fig. 6. KT and K'T dependence on propeller immersion 

ratio. 
 
 

3. Design charts 
 

Expressing the absorbed torque Q in terms 

of delivered power PD and propeller rotational 

speed n as: 
 

.
n

P
Q D

2
              (6) 

 

Propeller diameter D is also expressed in 

terms of speed of advance VA, shaft angle , 
and propeller rotational speed n as:  
 

'
A

nJ

cosV
D


 .                      (7) 

 

Substituting eqs. (6) and (7) into the 
torque coefficient equation K'Q definition given 

in eq. (4): 

 
.

D

A
cosV

JnP
K

A

'
D'

Q











2
05

52

2 

      (8) 

 

Rearranging eq. (8) and taking the square 
roots of both sides: 

 

 
.

A

D
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nP

J

'K

.
A

D

'

Q
















0

2

525
2


   (9) 

 

The term on the right hand side of eq. (9) 
is defined as propeller power coefficient Bp' 

which doesn’t include propeller diameter. The 
term (D2/Ao) is just related to immersion ratio 

IT . 

 

 
.
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K

A

D
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nP
B

'
Q

.
A

D'
P 5

0

2

52
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      (10) 

 

To emphasize that the power coefficient is 

independent on propeller diameter the immer-
sion ratio (Ao/D2) from eq. (2) is substituted 

into eq. (10); 

 

 

       

.
'J

K

III.Icos.cosV

nP

B

'
Q

TTTT
.

A

D

'
P

5
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2
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    (11) 

 

The introduced propeller power coefficient 
Bp' includes, in addition to delivered power, 

speed of advance, and propeller rotation, the 

immersion ratio and shaft inclination. It is 

also related to torque and advanced coefficient 

as:  

 

5
233

'J

K
.B

'
Q'

P  .           (12) 

 

The constant here is inserted to permit 
using horsepower, knots, and rpm for PD, VA, 

and n.  For the purpose of surface piercing 

propeller design and selection, the power coef-
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ficient is presented as a function of pitch ratio 

P/D, open water  efficiency, and advance 
coefficient J'  for a family of propellers which 

can be used as in a similar way to  conven-

tional propellers or as a tool handy for design. 
Two cases of SPP experimental results 

shown in table 3 will be presented  in the new 

format. Furthermore, design charts for each 

propeller family is developed. These charts will 

be used to design a surface piercing   propeller 

as illustrated through a numerical example.   
 

4. Case study (1)  

 

Model test results of this propeller family 
are given in (9) and presented in the  K'T, K'Q, 

J’, and ’ parameters for advance coefficient 
values passed the critical J’ values in figs. 7, 

8, and 9 respectively. Locus of critical advance 
coefficient were plotted on the same graphs. 

These data  are further reduced to sets of open 

water  efficiency and advance coefficient con-

tours plotted on a grid of pitch diameter ratio, 
P/D and power coefficient Bp’ parameters as 

shown in fig. 10. A maximum efficiency and 

critical advance coefficient  lines are  also dis-

played  on the same plot.  

 

5. Case study (2)  

 
This case is a 4-bladed surface piercing 

propeller series designed by Rolla tested at 
one immersion ratio (IT = 0.47) at a single 

shaft inclination value  = 8o.  The test results 
are reported in [8] in conventional KT, KQ, J, 

and  format. Making use of the fact that 

thrust and torque results for all immersions 

collapse into one single curve for advance co-
efficient J’ values passed the critical one, the 

 
Table 3 

 

Case 1 2 

Reference (13)  (8) 

Series L468 Rolla 
No of blades 4 4 
Blade area ratio  0.68 0.8 
Immersion ratio 0.4,0.5,0.

6,0.7 

0.47  

Pitch ratio P/D 0.8,1.0,1.
2,1.4 

0.9,1.1,1.
2,1.4,1.6 

Yaw angle (deg) 0  0  

Shaft inclination (deg) 4, 6, 8 8  

 
 

Fig. 7. Thrust coefficient K'T  versus advance coefficient J' 
for the L4. 68 surface piercing propeller series. 

 

 
 

Fig. 8. Torque coefficient K'Q versus advance coefficient J' 

for the L4. 68 surface piercing propeller series. 
 

original data is converted into modified sets of 

data; namely K'T, K'Q, J’, and ’.  Fig. 11 shows 

the thrust coefficient K'T versus J’ for this 
propeller family. The location of critical J was 

determined for each P/D by examining the KT - 
J curve and locating the advance coefficient at 

which thrust coefficient starts to drop. The 
critical J value was also determined making 

use of the Weber's number dependence as 

given in [9] and [14]. The thrust and efficiency     
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Fig. 9. Efficiency versus advance coefficient J' for the L4. 

68 surface piercing propeller series. 
 

 
 

Fig. 10. Thrust coefficient Bp' – J' diagram for the L4.68 

surface piercing propeller series. 
 

 
 

Fig. 11. Thrust coefficient K'T versus advance coefficient J' 

for the Rolla surface piercing propeller series. 

values corresponding to critical advance coef-

ficients at each pitch ratio are given on fig. 12. 

The above results are used to prepare another 
design chart given in fig 13. On this chart a 

maximum efficiency line is plotted together 

with another line or locus for points of critical 

advance coefficient.  The chart can be used to 

assist the design process of surface-piercing 

propellers. It can also be used to examine the 
effect of operating at different immersion 

ratios.  
 

6. Example to illustrate the use of the de-

veloped charts 
 

The new developed charts for the L4.68 

and Rolla surface piercing propeller series are 

used here to design a propeller that fits to a 

high-speed craft with an overall length of 20 

meters and a maximum speed of 42 knots. 
[15]. Other particulars for the boat are given 

in table 5. 

Thrust deduction and wake fraction are 

typically zero for the intended boat propellers 

as they are extended out and away from    hull 
 

 

 
 

Fig. 12. Values of thrust coefficient K'T  and open water 

efficiency '  at critical advance coefficient for the Rolla 

surface piercing propellers. 
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Fig. 13. Thrust coefficient Bp' – J' diagram for the Rolla 

surface piercing propeller series.  

 
Table 5 
Particulars for the boot 

 

Length (m) 20.0 
LWL (m) 17.3 

Breadth (m)   5.0 
Depth  (m) 2.80 
Draft  (m) 0.92 
Weight (ton) 35.6 

Installed power (hp) 1420 x 2 @2300 rpm 
Reduction ratio  1.524:1 
Expanded Blade Area Ratio  0.8 
Wake fraction  0 

Thrust deduction  0 
No of  Blades 4 
Speed (knot) 42.0 
Total Resistance (kN)  @ 42 

knots 

56.41 

 

stern.   The boat is moving in a planning mode 

as indicated from the volumetric Froude’s 

number  823
31

.

g

V
Fn 




 > 2.5 and Length 

Froude’s number 6851.
gL

V
FnL  . The total 

boat resistance as calculated from the model 

tests (and accounting for appendages, air, and 
wave resistance) is 56.41 KN at VS=42 knots. 

Hence, the effective power is 1218.726 kw. 

Assuming an overall propulsive coefficient of 

0.60, the delivered power is  estimated to be 

2031.2 kw. (2708.2 hp). Assuming 5% 

mechanical and gear box losses the installed 
power will be 2850 hp which is quite close to 

the actual installed power. 

To use the proposed developed charts one 
needs to know the power coefficient Bp’ which 

is calculated from: 

 

  0

2

52 A

D

cosV

Pn
B

.
A

D'
P


 ,         (13) 

 

, a shaft angle of 8 degrees and a 0.5 immer-
sion ratio (Ao/D2=0.3927) are assumed. Hence 

BP’=  10.89.  

From or the two developed charts we get 

the outputs given in table 6. 

Checking the resulting Quasi Propulsive 

Coefficient (QPC) where relative rotative effi-

ciency is nearly one and hull efficiency is typi-

cally one (which will be exactly the open water 
efficiency) we get 0.62 and 0.65 which are 

quite close to the assumed value of (0.60). 

 

7. Conclusions 

 
The main conclusions that can be drawn 

from this work are as follows: 

 The effects of both Froude's and Weber's 
numbers can be ignored if the open water 

tests of surface piercing propeller are 

performed at values beyond the thresholds 

mentioned above. 

 Open water test results of the surface pierc-
ing propellers should be presented in such a 

way to significantly reflect their geometrical 

and operational parameters as illustrated in 

this work. 

 The modified thrust and torque coefficients 

KT’ ,  KQ’   J',  and  '  are  independent  of  the  

 
Table 6 

Outputs 
 

Parameter L4.68 design chart Rolla design chart 

Pitch/diameter ratio P/D 0.98 0.95 
Advance coeff J' 0.88 0.82 

Propeller efficiency ' 0.65 0.62 

Diameter D 0.985 1.037 
Quasi propulsive coefficient.  0.65 0.62 
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propeller immersion for values of the advance 

coefficient greater than the critical value. 

 Further research work is needed on SPPs to 
assess the influence of other parameters, such 
as number of blades, blade area ratio, the 

rake angle, and the shaft inclinations on the 

overall performance and on side and vertical 

forces. 

 

Nomenclature 
 
A0  is the propeller submerged area, 
BAR is the propeller blade area ratio, 

Bp’  is the propeller power coefficient  

  0

2

5.2
cos A

D

V

Pn

A

D


 , 

D   is the propeller diameter,  

Fn  is the volumetric Froude’s  number  

           31 gV , 

LFn  is the length Froude’s number  

          gLV , 

ht  is the blade tip immersion,  

IT   is the immersion ratio coefficient  

Dht , 

J  is the advance coefficient ,nDVA  

J'   is the modified advance coefficient  

       ,nDcosVA   

JCR  is the critical advance coefficient  
k   is the fluid kinematic capilarity 

KT   is the thrust coefficient ,DnT 42  

K'T  is the modified thrust coefficient  

       ,ADnT 0
22  

KQ  is the torque coefficient   

,DnQ 52  

K'Q  is the modified torque coefficient   

           0
32 ADnQ'KQ  , 

L  is the ship's length, 

n  is the propeller rotational speed , 

P   is the propeller pitch, 

PD   is the delivered power,  

Q   is the absorbed torque, 

QPC is the quasi propulsive coefficient,  

Rn  is the Reynolds number, 
T  is the propeller thrust, 

VA  is the speed of advance,  

W  is the Weber's number see table 3,  

 

  is the propeller open water efficiency  

     QT KJK 2 ,   

'  is the propeller open water efficiency  
'
Q

'
T KJ'K 2 , 

 is the water density, 

  is the shaft yaw angle , and 

  is the volume of displacement. 
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