
Ðåñßëçøç

Ãéá ôïí ïñèüôåñï ó÷åäéáóìü ôùí êõêëéêþí áãùãþí õðïíüìùí ìå

åëåýèåñç åðéöÜíåéá íåñïý åßíáé áðáñáßôçôç ç ãíþóç ôçò ìåôáâïëÞò

ôïõ óõíôåëåóôÞ ôñá÷ýôçôáò ôïõ Manning áíÜëïãá ìå ôá äéÜöïñá

âÜèç ñïÞò. Óôçí åñãáóßá áõôÞ ðáñïõóéÜæïíôáé ìåèïäéêÝò ìåôñÞóåéò

ôïõ óõíôåëåóôÞ ôñá÷ýôçôáò ôüóï ãéá ëåßïõò üóï êáé ãéá ôñá÷åßò áãù-

ãïýò õðïíüìùí, óå áñêåôÜ åõñÝá ðåäßá ìåôáâïëÞò ôùí äéáöüñùí

ðáñáìÝôñùí. ÐáñïõóéÜæïíôáé êáôÜëëçëåò åîéóþóåéò ãéá ôïõò õðïëï-

ãéóìïýò, ôá äå áðïôåëÝóìáôá åßíáé óõóôçìáôéêÜ êáé, ðéóôåýåôáé, ÷ñÞ-

óéìá ãéá ôéò ðñáêôéêÝò åöáñìïãÝò.

1. ÅÉÓÁÃÙÃÇ

Óôïõò êõêëéêïýò áãùãïýò (D) õðïíüìùí ïìïéüìïñöçò

ñïÞò (JÏ=JE) ìå åëåýèåñç åðéöÜíåéá (ó÷Þìá 1, á) åßíáé ãíù-

óôü áðü ðáëéüôåñåò ìåôñÞóåéò üôé ï óõíôåëåóôÞò ôñá÷ýôçôáò

n ôïõ Manning äåí åßíáé óôáèåñüò óôá äéÜöïñá âÜèç ñïÞò y,

ðáñ� üëï ðïõ ïé ðñïåîï÷Ýò ôñá÷ýôçôáò ôïõ áãùãïý åßíáé

ïìïéüìïñöá êáôáíåìçìÝíåò óå üëç ôçí åóùôåñéêÞ åðéöÜ-

íåéá áõôïý.

Ç áêñéâÞò ìÝóç ôéìÞ ôïõ n, áðü y=0 Ýùò ôç óôÜèìç íåñïý

y, Ý÷åé éäéáßôåñç óçìáóßá óôï ó÷åäéáóìü ôùí õðïíüìùí

êõêëéêÞò äéáôïìÞò, êõñßùò óå óýãêñéóç ðñïò ìéá óôáèåñÞ

ôéìÞ ôïõ óõíôåëåóôÞ ôñá÷ýôçôáò (óõíôåëåóôÞò áíáöïñÜò).

Ãéá ôéò ðñïåîï÷Ýò ôñá÷ýôçôáò åßíáé åõñýôáôá ãíùóôÞ ç

Ýííïéá ôçò õäñáõëéêþò éóïäýíáìçò ôñá÷ýôçôáò ês (ó÷Þìá 1,

â), ôùí ðïéêßëùí õëéêþí êáôáóêåõÞò ôùí óùëÞíùí, ôçí

ïðïßá åéóÞãáãáí ïé C. Colebrook êáé W. White ìåôÜ áðü

åñãáóôçñéáêÞ óýãêñéóç ôùí äéáöüñùí óùëÞíùí ðñïò

óùëÞíåò åñãáóôçñéáêÞò ôñá÷ýôçôáò áðü åðéêïëëçìÝíç

Üììï (J. Nikuradse): ÊÜèå õëéêü óùëÞíá óõíïäåýåôáé ðëÝïí

áðü ìéá éäéáßôåñç ôéìÞ ês. Åßíáé, åðßóçò, åõñýôáôá ãíùóôü ôï

äéÜãñáììá ôïõ L. Moody, óôï ïðïßï áðïôõðþèçêáí ãñáöé-

êÜ ïé äéÜöïñåò ðåéñáìáôéêÝò åîéóþóåéò êáé ðáñÜìåôñïé ôçò

ñïÞò õðü ðßåóç óå óùëÞíåò − ùò óõíÜñôçóç ôçò ó÷åôéêÞò

ôñá÷ýôçôáò ês/D.
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Ó÷Þìá 1: Ó÷Þìá ïñéóìþí.

Figure 1: Definition sketch.

Ëéãüôåñç ãíùóôÞ åßíáé ç ìÝèïäïò ôïõ M. Morris [13], ï
ïðïßïò õðïóôÞñéîå üôé ç Ýííïéá ôçò éóïäýíáìçò ôñá÷ýôçôáò

åßíáé áóáöÞò êáé áüñéóôç, ðïëëïß äå Þôáí åêåßíïé − üðùò ï

V.T. Chow [12] − ðïõ õðïóôÞñéîáí áõôÞ ôç ìÝèïäï. ÊáôÜ

ôïí Morris ç óýãêñéóç ôçò ôñá÷ýôçôáò ôùí óùëÞíùí ðßåóçò

áëëÜ êáé ôùí áãùãþí åëåýèåñçò åðéöÜíåéáò ðñÝðåé íá ãßíå-

ôáé óôï åñãáóôÞñéï, ü÷é ìå ôå÷íçôÞ ôñá÷ýôçôá Üììïõ, áëëÜ

ìå ôå÷íçôÞ ôñá÷ýôçôá äçìéïõñãïýìåíç ìå äéÜöïñåò ãåùìå-

ôñéêÝò ðñïåîï÷Ýò (óôïé÷åßá ýøïõò ê) − ìå ðïéêßëåò êáé êáèï-

ñéóìÝíåò ìïñöÝò (ð.÷. ìåìïíùìÝíá óþìáôá óå êÜðïéá êáèï-

ñéóìÝíç äéÜôáîç Þ ëùñßäåò ôïðïèåôïýìåíåò åãêÜñóéá ðñïò

ôç ñïÞ) óå óõãêåêñéìÝíåò áðïóôÜóåéò ìåôáîý ôïõò (êáôÜ ôçí

Ýííïéá ôçò ñïÞò) ßóåò ðñïò ë (ó÷Þìá 1, ã).



Ï M. Morris áíÝðôõîå ðëÞñùò ôç èåùñßá ôçò ìåèüäïõ

ôïõ, Ýêáíå ôéò ó÷åôéêÝò ìåôñÞóåéò êáé êáôáóêåýáóå äéêÜ ôïõ

äéáãñÜììáôá áíÜëïãá ðñïò ôï äéÜãñáììá Moody. Ç ó÷åôéêÞ

ôñá÷ýôçôá ês/D ôïõ Colebrook áíôéêáôáóôÜèçêå áðü ôïõò

ëüãïõò ê/D (ó÷åôéêü ýøïò ôùí óôïé÷åßùí ôñá÷ýôçôáò) êáé

ë/ê (ó÷åôéêÝò áðïóôÜóåéò). Óôï äéÜãñáììá Morris − ãéá

ëùñßäåò ôñá÷ýôçôáò − ç êýñéá ðáñÜìåôñïò åßíáé ï ëüãïò 

(D−2ê)/2ë=0,5(D/ë)−ê/ë, õðÜñ÷åé äå áíôéóôïé÷ßá ðñïò ôï

äéÜãñáììá Moody (ês/D).

Ç ìÝèïäïò Morris áêïëïõèåßôáé óÞìåñá áðü ðïëëïýò

åñåõíçôÝò óôá åñãáóôÞñéá ÕäñáõëéêÞò, Ý÷åé äå åðåêôáèåß

ðëÞñùò êáé óôïõò áãùãïýò åëåýèåñçò åðéöÜíåéáò.

Óôéò ïìïéüìïñöåò ñïÝò ìå åëåýèåñç åðéöÜíåéá óå êõêëé-

êü áãùãü åíäéáöÝñåé ðïëëÝò öïñÝò ç Ýííïéá ôçò ñïÞò ðëÞ-

ñùóçò, ç ïðïßá áíáöÝñåôáé óå ìéá åíäéÜìåóç êáôÜóôáóç

ñïÞò ìåôáîý ñïÞò ðßåóçò êáé ñïÞò ìå åëåýèåñç åðéöÜíåéá.

Óôç ñïÞ ðëÞñùóçò èåùñåßôáé üôé ïñéáêÜ y/D=1, JE=JÏ êáé

ìçäåíéêÞ ðßåóç óôï ñåõóôü êáôÜ ìÞêïò ôçò Üíôõãáò ôïõ

óùëÞíá.

Ãéá ôç ñïÞ ðëÞñùóçò óå óùëÞíá éó÷ýïõí êáô� áñ÷Üò üëá

üóá éó÷ýïõí ãéá ôïõò óùëÞíåò ðßåóçò. Óôçí ðñÜîç, ùóôüóï,

åßíáé äýóêïëï íá åðéôåõ÷èåß ñïÞ ðëÞñùóçò óå óùëÞíá,

êõñßùò äéüôé ãéá âÜèç ñïÞò y/D>0,8 ç åëåýèåñç åðéöÜíåéá

ôïõ íåñïý êáèßóôáôáé ðïëý áóôáèÞò. Ðñüóèåôåò åñãáóôç-

ñéáêÝò äõó÷Ýñåéåò ó÷åôßæïíôáé ìå ôéò óõíèÞêåò åéóüäïõ ôçò

ñïÞò óôï óùëÞíá êáèþò êáé ìå ôï ìÞêïò áíÜðôõîçò áõôÞò

(ãéá íá êáôáóôåß ç ñïÞ ïìïéüìïñöç). Ãé� áõôü êáé ç áíôß-

óôïé÷ç ôéìÞ nf ôïõ Manning åßíáé äýóêïëï íá ðñïóäéïñéóôåß

åñãáóôçñéáêÜ.

ÁíÜëïãåò åñãáóôçñéáêÝò äõó÷Ýñåéåò õðÜñ÷ïõí ãéá ðïëý

ìéêñÜ âÜèç ñïÞò, ð.÷. y/D<0,1, üðïõ ôï n ôïõ Manning áðï-

êôÜ ðïëý ìéêñÝò ôéìÝò. Óå áêñáßåò ðåñéðôþóåéò ç ñïÞ äåí
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Ó÷Þìá 2: Êáìðýëç ôïõ Camp.

Figure 2: Camp�s curve.

åßíáé êáí ôõñâþäçò, ïðüôå êáèßóôáôáé áìößâïëç ç éó÷ýò ôçò

åîßóùóçò Manning, åíþ êáé ç áêñßâåéá ôçò ìÝôñçóçò ôùí

âáèþí y áðïêôÜ ðëÝïí åíôåëþò îå÷ùñéóôÞ óçìáóßá.

Ìå ôï èÝìá ôçò ìåôáâïëÞò ôïõ n êáè� ýøïò, êáé êõñßùò

ôïõ ëüãïõ n/nf, áó÷ïëÞèçêáí áñêåôïß åñåõíçôÝò óôï ðáñåë-

èüí. Ï T.R. Camp, ìå äýï åñãáóßåò ôïõ [4], [1], ôá Ýôç 1940

êáé 1946, åßíáé ï ðéï ãíùóôüò áðü üëïõò, âáóßóôçêå óå

ìåôñÞóåéò ôùí E.R. Wilcox [2] êáé D.J. Yarnell−S.M. Wood-

ward [3], áðÝäåéîå äå üôé ãåíéêÜ ôï n áõîÜíåé êáè� ýøïò Ýùò

êÜðïéï üñéï. Ùóôüóï ï Camp áó÷ïëÞèçêå ìå áãùãïýò ìÜë-

ëïí ìéêñÞò äéáìÝôñïõ êáé áðü ôï ßäéï ðÜíôá õëéêü, êõñßùò

áðü Üñãéëï óôáèåñÞò ôñá÷ýôçôáò ês, êáé Ýôóé äåí Þôáí óå

èÝóç íá åñåõíÞóåé êáé ôçí åðéññïÞ áðü ôéò ìåôáâïëÝò ôùí

ðñïåîï÷þí ôñá÷ýôçôáò óå óùëÞíåò óôáèåñÞò äéáìÝôñïõ.

Óôïí ó÷Þìá 2 ðáñïõóéÜæåôáé ç êáìðýëç ôùí ìåôñÞóåùí

ôïõ Camp.

O O.J. Schmidt Ýêáíå ìåôñÞóåéò [5] óå áãùãü ðïëý ìåãÜ-

ëçò äéáìÝôñïõ áðü óêõñüäåìá, ïé D.E. Bloodgood−J.M. Bell

[6] Ýêáíáí ðåñéïñéóìÝíï áñéèìü ìåôñÞóåùí óå äéÜöïñïõò

óùëÞíåò, åíþ ï P.D. Pomeroy [7] Ýêáíå ìåôñÞóåéò ãéá ìåãá-

ëýôåñá ó÷åôéêÜ âÜèç y/D. Ïé ðñïçãïýìåíïé óõìöþíçóáí

ðïéïôéêÜ ìå ôá áðïôåëÝóìáôá ôïõ Camp, åíþ ïé L.C. Neale−
R.E. Price [8], ïé ïðïßïé åñãÜóôçêáí óå ëåßïõò áãùãïýò áðü

PVC, äåí ðáñáôÞñçóáí óçìáíôéêÞ ìåôáâïëÞ ôïõ n êáè�

ýøïò.

Óôçí ðáñïýóá åñãáóßá Ýãéíáí óõóôçìáôéêÝò ìåôñÞóåéò

ôïõ n ìå åëåã÷üìåíç ìåôáâïëÞ ôùí ëüãùí ê/D, ë/ê, ïé ïðïßïé

åß÷áí áñêåôÜ óçìáíôéêü åýñïò ìåôáâïëÞò.

ÓÕÌÂÏËÉÓÌÏÉ-ÌÏÍÁÄÅÓ

Â ÐëÜôïò åëåýèåñçò åðéöÜíåéáò íåñïý (m)

Å Åìâáäüí õãñÞò äéáôïìÞò (m2)

Ð Âñå÷üìåíç ðåñßìåôñïò (m)

D ÅóùôåñéêÞ äéÜìåôñïò óùëÞíá (m)

n ÌÝóïò óõíôåëåóôÞò ôñá÷ýôçôáò êáôÜ Manning áðü

y=0 Ýùò y=y

ê ¾øïò ðñïåîï÷þí åñãáóôçñéáêÞò ôñá÷ýôçôáò (m)

ês Éóïäýíáìç ôñá÷ýôçôá, ìåôñþìåíç õäñáõëéêÜ (m)

ë ÁðïóôÜóåéò (Üîïíåò) ðñïåîï÷þí ôñá÷ýôçôáò êáôÜ ôçí

Ýííïéá ôçò ñïÞò (m)

í ÊéíçìáôéêÞ óõíåêôéêüôçôá ôïõ íåñïý (m2/sec)

JÏ ÊáôÜ ìÞêïò êëßóç óùëÞíá (çìè)

JÅ Êëßóç ôçò ãñáììÞò åíÝñãåéáò (Ã.Å.)

Q Ðáñï÷Þ (m3/sec)

Re Áñéèìüò Reynolds=V·4R/í

Fr Áñéèìüò Froude=V·(g·E/B)-1/2

R ÕäñáõëéêÞ áêôßíá (m)=Å/Ð

V ÌÝóç ôá÷ýôçôá ñïÞò õãñÞò äéáôïìÞò (m/sec)=Q/E

¢íù äåßêôåò: s, ãéá ëåßï áãùãü

r, ãéá ôñá÷ý áãùãü



ÊÜôù äåßêôåò: f, ãéá ñïÞ ðëÞñùóçò (y/D=1)

f/2, ãéá ñïÞ çìé-ðëÞñùóçò (y/D=0,5)

2. ÐÅÉÑÁÌÁÔÉÊÅÓ ÌÅÔÑÇÓÅÉÓ 
2.1. ÄéáôÜîåéò êáé ìåôñÞóåéò

Ïé ìåôñÞóåéò Ýãéíáí óå áãùãü óôáèåñÞò äéáìÝôñïõ

D=475mm áðü PVC, éêáíïý ìÞêïõò, ï ïðïßïò ôñïöïäïôåßôï

ìå íåñü áðü ìåãÜëç áíÜíôç äåîáìåíÞ óôáèåñÞò óôÜèìçò ìå

åéäéêÞ äéáìüñöùóç ôçò åéóüäïõ ôçò ñïÞò (óõíáñìïãÞ êáé

åóùôåñéêü äéÜôñçôï äéÜöñáãìá åëá÷éóôïðïßçóçò ôùí óôñï-

âéëéóìþí ìåãÜëçò êëßìáêáò). Ç êëßóç ôïõ áãùãïý Þôáí óôá-

èåñÞ, 1:1000. Åðßóçò, ÷ñçóéìïðïéÞèçêå êáôÜíôç õðåñ÷åéëé-

óôÞò, ôï ýøïò ôïõ ïðïßïõ ñõèìéæüôáí Ýôóé, þóôå ãéá êÜèå ìßá

ðáñï÷Þ ôá âÜèç ñïÞò (ìåôñþìåíá óå Ýîé èÝóåéò êáôÜ ìÞêïò)

ðáñÝìåíáí óôáèåñÜ (ïìïéüìïñöç ñïÞ).

Ïé ðáñï÷Ýò ìåôñÞèçêáí ìå äéáöïñéêü ìáíüìåôñï áêñé-

âåßáò, ïé óôÜèìåò ôïõ íåñïý ìå åéäéêü óôáèìÞìåôñï (áêñß-

âåéá ±0,1mm), ïé äå èåñìïêñáóßåò íåñïý ìå áêñéâÝò èåñìü-

ìåôñï (ðñïóäéïñéóìüò ôçò í).

Ãéá ðåñéóóüôåñåò ëåðôïìÝñåéåò ôçò äéÜôáîçò âë. [9].
Ïé ìåôñÞóåéò Ýãéíáí óå ôñåéò ïìÜäåò: Ç ïìÜäá Á áöï-

ñïýóå ëåßï áãùãü ôïõ åìðïñßïõ áðü PVC (ê/D=0, ë/ê=∞), ç

ïìÜäá Â áãùãü ìå ê/D=0,0063 êáé ë/ê=200−100−50−25−12,5,

åíþ ç ïìÜäá C áöïñïýóå áãùãü ìå ê/D=0,0126 êáé

ë/ê=200−100−50−25−12,5. Ôá óôïé÷åßá ôñá÷ýôçôáò Þôáí

äáêôýëéïé áðü ëùñßäåò áðü óêëçñü åëáóôéêü ïñèïãùíéêÞò

äéáôïìÞò ýøïõò ê, ïé ïðïßåò åðéêïëëþíôï åãêÜñóéá ôçò ñïÞò

óôïí áñ÷éêÜ ëåßï áãùãü óôéò ðñïçãïýìåíåò ðñïåðéëåãìÝíåò

áðïóôÜóåéò ë áðü äéáíïéãåßóá Üíù ó÷éóìÞ óôïí óùëÞíá. 

Óôïí ðáñáôéèÝìåíï ðßíáêá 1 ðáñïõóéÜæïíôáé ôá êýñéá

óôïé÷åßá ôùí ìåôñÞóåùí, óôéò ïðïßåò ç ñïÞ Þôáí ðÜíôá ôõñ-

âþäçò êáé õðïêñßóéìç (Fr<1). Ãéá y/D<0,1 ïé óõíôåëåóôÝò

ôñá÷ýôçôáò n ëÜìâáíáí ðïëý ìéêñÝò ôéìÝò, åíþ êáé ïé áñéè-

ìïß Reynolds ìåéþíïíôáí óçìáíôéêÜ. Ãéá y/D>0,8 ç åëåýèå-

ñç åðéöÜíåéá ðáñïõóßáæå óçìáíôéêÝò áóôÜèåéåò êáé ïé

ìåôñÞóåéò äåí Þôáí ðëÞñùò áîéüðéóôåò. ¸ôóé åðéëÝ÷ôçêå

ôåëéêÜ ùò äéÜóôçìá ìåôñÞóåùí ôï ðåäßï 0,13<y/D<0,70, óôï

ïðïßï ó÷åäéÜæïíôáé − óôéò ðñáêôéêÝò åöáñìïãÝò � ïé êõêëé-

êïß áãùãïß õðïíüìùí. Ïé ôéìÝò nf äåí Þôáí äõíáôüí íá

ìåôñçèïýí ìå áîéïðéóôßá, ãé� áõôü êáé ÷ñçóéìïðïéÞèçêå ùò

óõíôåëåóôÞò áíáöïñÜò ï óõíôåëåóôÞò nf/2 (ãéá y/D=0,5).

Ïé èåñìïêñáóßåò åß÷áí óçìáíôéêÝò ìåôáâïëÝò (ìåôñÞóåéò

óå äéÜöïñåò ÷ñïíéêÝò ðåñéüäïõò).

2.2. Ðáñïõóßáóç ìåôñÞóåùí

Óôá ó÷Þìáôá 3á, â, ã, ðáñïõóéÜæïíôáé ðñùôïãåíåßò

ìåôñÞóåéò ôïõ n êáè� ýøïò ôïõ áãùãïý, ìå êáìðýëåò ðïõ

÷áñÜ÷èçêáí äéÜ ìÝóïõ ôùí ðåéñáìáôéêþí óçìåßùí.
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Ó÷Þìá 3: Ðñùôïãåíåßò ìåôñÞóåéò.

Figure 3: Initial measurements.



3. ÈÅÙÑÇÔÉÊÇ ÁÍÁÖÏÑÁ-ÁÍÁËÕÓÇ
ÌÅÔÑÇÓÅÙÍ

3.1. ÈåùñçôéêÞ áíáöïñÜ 

Åßíáé ãíùóôü üôé ç åîßóùóç Manning ïìïéüìïñöçò ñïÞò:

V=(1/n)·R2/3·JÏ
1/2

üðïõ V óå m/sec, R óå m êáé Q=V·E (óå m3/sec), éó÷ýåé 

êõñßùò ãéá ôõñâþäç ñïÞ êáé ìÜëéóôá − óå óõíäõáóìü ìå ôéò

ðñïåîï÷Ýò ôñá÷ýôçôáò ôùí ôïé÷ùìÜôùí − ãéá üóï ôï äõíáôüí

ìåãáëýôåñï áñéèìü Reynolds.

Áðü äéáóôáôéêÞ áíÜëõóç åßíáé äõíáôüí íá áðïäåé÷ôåß üôé

ãéá ìåãÜëïõò áñéèìïýò Reynolds ï óõíôåëåóôÞò ôñá÷ýôçôáò

ãéá ñïÞ åëåýèåñçò åðéöÜíåéáò óå êõêëéêü áãùãü åîáñôÜôáé

áðü ôç ó÷åôéêÞ ðëÞñùóç y/D êáé áðü ôç ó÷åôéêÞ ôñá÷ýôçôá: 

nr=ö(y/D,ês/D) (3.1)

åíþ ãéá ëåßï áãùãü (ês/D=0) åßíáé:

ns=ö(y/D) (3.2)

Åßíáé ãíùóôü [11], [14] üôé ãéá êõêëéêïýò áãùãïýò ìå

ñïÞ ðëÞñùóçò ï n êáé ç éóïäýíáìç ôñá÷ýôçôá ês óõíäÝïíôáé

óôçí ôõñâþäç ñïÞ (ìåãÜëåò ôéìÝò Re) ìå ôç ãåíéêÞ åîßóùóç:

ê1/6/n=22,32·{log(3,7·4R/ês)}/(4R/ês)
1/6 (3.3)

üðïõ ês êáé R óå m. ÊáôÜ ôïí F. White [10], ç ðñïçãïýìåíç

åîßóùóç (3.3) ìðïñåß íá éó÷ýåé åíäåéêôéêÜ êáé ãéá êÜèå ñïÞ

åëåýèåñçò åðéöÜíåéáò, åðïìÝíùò êáé ãéá ôïõò êõêëéêïýò õðï-

íüìïõò, óå êÜèå âÜèïò ñïÞò y/D. Óçìåéþíåôáé üôé ç åîßóùóç

(3.3) åêöñÜæåé ðïóïôéêÜ êáé ãåíéêÜ ôçí åîÜñôçóç ôïõ n áðü

ôç ãåùìåôñßá ôçò ñïÞò, R, êáé ôç ó÷åôéêÞ ôñá÷ýôçôá ês/D.

Ðáñ� üëï ðïõ ç åîßóùóç (3.3) äåí éó÷ýåé ðïóïôéêÜ ãéá ñïÞ

åëåýèåñçò åðéöÜíåéáò, åíôïýôïéò óôï ó÷Þìá 4 ãßíåôáé ìéá ðñï-

óðÜèåéá åöáñìïãÞò áõôÞò (ëüãïé n/nf) óôïõò êõêëéêïýò õðï-

íüìïõò ìå äéÜöïñåò ðñïåðéëåãìÝíåò ôéìÝò ó÷åôéêÞò ôñá÷ýôçôáò

ês/D êáé R ðïõ áíôéóôïé÷ïýí óôá äéÜöïñá âÜèç ñïÞò y/D. 

¼ðùò ðñïêýðôåé áðü ôï ó÷Þìá áõôü, õðÜñ÷åé óõóôçìáôé-

êÞ ìåôáâïëÞ ôùí ëüãùí n/nf óå óõíÜñôçóç ìå ôéò ó÷åôéêÝò

ôñá÷ýôçôåò ês/D. Ï ëüãïò n/nf åßíáé 1 ãéá y/D=0,5 êáé 1,

äçëáäÞ ðáñ� üëï ðïõ ïé êáìðýëåò áõôÝò ðñÝðåé íá åðáíåîå-

ôáóôïýí ìå âÜóç áêñéâÞ ðåéñáìáôéêÜ áðïôåëÝóìáôá, äåí

ðñïêýðôåé üôé åßíáé n/nf→1 ãéá y/D→0, üðùò öáßíåôáé óôçí

êáìðýëç Camp (ó÷Þìá 2).

ÐñÝðåé íá óçìåéùèåß ôï óõìðÝñáóìá ôïõ Camp üôé ï

ëüãïò n/nf åßíáé áíåîÜñôçôïò ôçò äéáìÝôñïõ D, åîáñôÜôáé äå

ìüíï áðü ôï ó÷åôéêü âÜèïò y/D. 

Óôçí ðáñïýóá åñãáóßá áðïäåéêíýåôáé êáé ðÜëé üôé ï áíÜ-

ëïãïò ëüãïò n/nf/2 åßíáé óõíÜñôçóç ôïõ y/D, ðáñáðÝñá üìùò

üôé ôåëéêÜ åßíáé áíåîÜñôçôïò êáé ôçò ôñá÷ýôçôáò.
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Ó÷Þìá 4: n/nf ðñïò y/D.

Figure 4: n/nf versus y/D.

Ðßíáêáò 1: ÐåéñáìáôéêÝò ÌåôñÞóåéò.

Table 1: Experimental Measurements.

Ó÷Þìá 5: nf/2 ùò ðñïò ë/ê.

Figure 5: nf/2 versus ë/ê.



3.2. ÁíÜëõóç ìåôñÞóåùí

Ãéá ôá åäþ óôïé÷åßá ôñá÷ýôçôáò (ê/D,ë/ê) êáé óýìöùíá

ìå ôéò åîéóùóåéò (3.1) êáé (3.2) åßíáé:

nr=ö(y/D,ê/D,ë/ê) (3.4)

åíþ ãéá ôïõò ëåßïõò áãùãïýò åßíáé:

ns=ö(y/D) (3.5)

Áðü ôéò åäþ ìåôñÞóåéò (ó÷Þìá 3) ðñïóäéïñßóôçêáí üëåò

ïé ðåéñáìáôéêÝò ôéìÝò nf/2 (ns
f/2, nr

f/2) ãéá ê/D=0−0,0063−
0,0127, ë/ê=12,5−25−50−100−200−∞ êáé 0,128<y/D<0,70

(ïìÜäåò A, B, C) êáé åôÝèçêáí óôï ó÷Þìá 5. Áðü ôï ó÷Þìá

áõôü ðñïêýðôåé ç óõóôçìáôéêÞ åîÜñôçóç ôùí ôéìþí nr
f/2

áðü ôïõò ëïãïýò ê/D êáé ë/ê.

Ç êáôáêüñõöç åõèåßá ôçò ïìÜäáò Á êáé ïé êáìðýëåò ôùí

ïìÜäùí B, C (ó÷Þìá 5) Ý÷ïõí åîßóùóç ôçò ãåíéêÞò ìïñöÞò: 

nr
f/2=ns

f/2+a(ë/ê)-b (3.6)

üðïõ a, b óôáèåñÝò. Ðñïóäéïñßóôçêáí a=0−b=∞ ãéá ôçí

ïìÜäá Á (ê/D=0), a=0,0216−b=0,578 ãéá ôçí ïìÜäá Â

(ê/D=0,0063) êáé a=0,0226−b=0,315 ãéá ôçí ïìÜäá C

(ê/D=0,0126).

Ìå âÜóç ôéò ôåëåõôáßåò ôéìÝò ôùí a, b Ýãéíå éäéáßôåñï äéÜ-

ãñáììá ìåôáâïëÞò áõôþí ùò ðñïò ê/D, ïðüôå ðñïÝêõøáí ïé

åîéóþóåéò:

a=0,026·(ê/D)0,037 (3.7)

b=0,00675·(ê/D)-0,878 (3.8)

¸ôóé ç åîßóùóç (3.6) ãßíåôáé ìÝóù ôùí åîéóþóåùí (3.7),

(3.8): 

nr
f/2=ns

f/2+0,026·(ê/D)0,037·(ë/ê)-0,00675·(ê/D)-0,878 (3.9)

ç ïðïßá éó÷ýåé ðëÝïí ãéá üëï ôï åýñïò 0<ê/D<0,0126,

12,5<ë/ê<∞ êáé 0,128<y/D<0,70.

ÐÝñáí ôùí ðñïçãïýìåíùí, óôï ó÷Þìá 6 åôÝèçêáí ïé

ëüãïé y/D êáé n/nf/2 ãéá üëåò ôéò åäþ ìåôñÞóåéò (ns, nr), ðñï-

Ýêõøå äå åíéáßá êáìðýëç ìå åîßóùóç:

n/nf/2=1−0,9⋅{|(y/D)−0,5|}2,4⋅(y/D)-0,8 (3.10)

Ç ôåëåõôáßá åîßóùóç, óå óõíäõáóìü ìå ôçí åîßóùóç

(3.9), äßíåé ôåëéêÜ üëåò ôéò ôéìÝò ôïõ n ãéá 0<ê/D<0,0126,

12,5<ë/ê<∞, 0,15<y/D<0,70.

Óôï ó÷Þìá 6 ôÝèçêå êáé ç áíôßóôïé÷ç êáìðýëç (äéáêå-

êïììÝíç ãñáììÞ) ðïõ ðñïÝêõøå áðü åðåîåñãáóßá ôçò áñ÷é-

êÞò êáìðýëçò Camp (ó÷Þìá 2), üðùò äå öáßíåôáé, Ý÷åé ôçí

ßäéá ðïéïôéêÞ ìïñöÞ ìå ôçí ðåéñáìáôéêÞ êáìðýëç.

Áí ãßíåé åöáñìïãÞ ôçò åîßóùóçò (3.10) ãéá ëåßï áãùãü,

ôüôå ðñïêýðôåé:

ns/ns
f/2=1−0,90·{|(y/D)−0,5|}2,4⋅(y/D)-0,8 (3.11)

åíþ ãéá ôñá÷ý áãùãü åßíáé áíÜëïãá:
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Ó÷Þìá 6: Êáìðýëç ôçò åîßóùóç (3.9).

Figure 6: Curve of equation (3.9).

nr/nr
f/2=1−0,9⋅{|(y/D)−0,5|}2,4⋅(y/D)-0,8 (3.12)

Áí äéáéñåèïýí ïé äýï ôåëåõôáßåò åîéóþóåéò êáé ëçöèåß

õðüøç êáé ç åîßóùóç (3.9), ôüôå, ìå ns
f/2=0,0105, ëáìâÜíåôáé:

nr/ns=1+2,476·(ê/D)0,037·(ë/ê)-0,00675·(ê/D)-0,878 (3.13)

Óôï äåîéü ìÝëïò ôçò åîßóùóçò (3.13) ï ôåëåõôáßïò üñïò

(ìåôÜ ôç ìïíÜäá) äßíåé ôç ìåôáâïëÞ ðïõ ïöåßëåôáé óôç ôñá-

÷ýôçôá ôùí áãùãþí.

4. ÐÑÁÊÔÉÊÇ ÅÖÁÑÌÏÃÇ 

Åßíáé ãíùóôü üôé ïé êõêëéêïß áãùãïß õðïíüìùí ó÷åäéÜ-

æïíôáé ãåíéêÜ ãéá 0,1<y/D<0,70, åíþ åéäéêüôåñá (ãéá ëüãïõò

ïéêïíïìßáò) ðñïôéìþíôáé âÜèç ó÷åäéáóìïý y/D=0,5 ÷0,70. 

Áí ãßíåôáé áíáöïñÜ óå êõêëéêü áãùãü D=óôáè., JÏ=

óôáè., êáé èåùñåßôáé áõôüò ëåßïò, ôüôå ãéá y/D=0,2 åßíáé [åîé-

óùóç (3.11)] ns≅0,82⋅ns
f/2, åíþ ãéá y/D=0,6 åßíáé

ns≅0,99⋅ns
f/2. Ç ôéìÞ ns áõîÜíåôáé êáôÜ (0,99−0,82)·100/0,82

≅21%. Ç ðáñï÷Þ ìåéþíåôáé áðü ôç ìåôáâïëÞ ìüíï ôïõ n,

äçëáäÞ ÷ùñßò íá õðïëïãéóôïýí ôá íÝá Å êáé R, êáôÜ

0,82·{(1/0,99)−(1/0,82)}·100≅17%, ðñÜãìá ðïõ ðñÝðåé íá

ëáìâÜíåôáé õðüøç, áí ùò âÜèïò ó÷åäéáóìïý èåùñåßôáé ôï

âÜèïò y/D=0,6. 

Ãéá ôï ßäéï âÜèïò ó÷åäéáóìïý y/D=0,6 (Å êáé R óôáèå-

ñÜ), áí ï áãùãüò åßíáé ôñá÷ýò, ð.÷. ê/D=0,005 êáé ë/ê=20,

ôüôå ãéá ôéò åîéóþóåéò (3.9), (3.12) åßíáé nr≅1,24⋅ns
f/2. Óå

óôáèåñü âÜèïò y/D=0,6 êáé ãéá ôñá÷ý áãùãü ôï n áõîÜíåôáé

êáôÜ (1,24−0,99)·100/0,99=25%, åíþ ç ðáñï÷Þ ó÷åäéáóìïý

ìåéþíåôáé êáôÜ 0,99·{(1/1,24)�(1/0,99)}·100≅ 20%. 

5. ÓÕÌÐÅÑÁÓÌÁÔÁ

Óôçí åñãáóßá áõôÞ Ýãéíáí ìåèïäéêÝò ìåôñÞóåéò ôçò ìåôá-

âïëÞò ôïõ óõíôåëåóôÞ ôñá÷ýôçôáò n ôïõ Manning êáè�



ýøïò, ìÝóá óå êõêëéêü áãùãü õðïíüìùí (D) ìå ñïÞ åëåýèå-

ñçò åðéöÜíåéáò íåñïý. Ïé ìåôñÞóåéò áöïñïýí ôüóï ëåßïõò

áãùãïýò üóï êáé ôñá÷åßò áãùãïýò ìå äéáâáèìéóìÝíç ôñá÷ý-

ôçôá. 

Ðñïóäéïñßóôçêáí êáôÜëëçëåò åîéóþóåéò ãéá ôïõò óõíôå-

ëåóôÝò ôñá÷ýôçôáò ãéá çìéðëÞñùóç ôüóï ôùí ëåßùí üóï êáé

ôùí ôñá÷Ýùí áãùãþí, âÜóåé ôùí ïðïßùí ðñïóäéïñßóôçêå ç

ìåôáâïëÞ ôïõ óõíôåëåóôÞ ôñá÷ýôçôáò óå üëá ôá âÜèç ñïÞò

y, ìå 0,15<y/D<0,70, äçëáäÞ óôï óõíçèéóìÝíï ðåäßï ó÷åäéá-

óìïý ôùí õðïìüíùí.

Ôá áðïôåëÝóìáôá åßíáé óõóôçìáôéêÜ ùò ðñïò ôéò ôñá÷ý-

ôçôåò êáé ôá âÜèç ñïÞò, êáé ÷ñÞóéìá óôá ðñáêôéêÜ ðñïâëÞ-

ìáôá ôùí êõêëéêþí áãùãþí õðïíüìùí. 

Óçìåßùóç 

Ïé ìåôñÞóåéò êáé ç åðåîåñãáóßá ôùí áðïôåëåóìÜôùí Ýãéíáí õðü

ôçí åðßâëåøç ôïõ ðñþôïõ ôùí óõããñáöÝùí. Ôï Üñèñï âáóßóôçêå

êáé óå ôìÞìá ôçò äéðëùìáôéêÞò åñãáóßáò ôçò äåõôÝñáò ôùí óõããñá-

öÝùí, ç ïðïßá åðéðëÝïí åðéìåëÞèçêå êáé ôçò ôåëéêÞò ôïõ ðáñïõóßá-

óçò, åíþ óçìáíôéêü ôìÞìá ôùí õðïëïãéóìþí êáé ôçò åðåîåñãáóßáò

Ýãéíå áðü ôïí ôñßôï óõããñáöÝá. 
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Abstract 

When designing a circular sewer pipe with a free water surface, it

is essential to know the variation in Manning�s roughness coefficient

(n) with various flow depths. In this paper a number of systematic

laboratory measurements are presented, concerning the roughness

coefficient for smooth and rough pipes with quite a large range of

pertinent parameters. Some practical equations are also derived,

suitable for the proper design. The results are systematically gene-

ralised and presented. 

Figure 1 shows the general layout of a circular sewer pipe

(D) with a free surface flow of depth y, and an inclination

along the axis, JO=sinè. The flow width at the free surface is

B, the water area is E and the wetted perimeter is Ð, while the

hydraulic radius is R=E/Ð. The flow is considered as uni-

form, JO=JE=hydraulic gradient of energy head, while

V=Q/E is the mean velocity in each fluid cross section.

Reynolds numbers are defined as Re=V·4R/í, where í is the

kinematic viscosity of water, and Froude numbers are cal-

culated according to the formula, Fr = V· (g ·E/B)-1/2. 

The characteristics of roughness elements may be consi-

dered either as ês (= equivalent to sand roughness), by the

Colebrook�White method, or as (ê/D−ë/ê) roughness by the

M. Morris method [13]. Morris�s method is supported by

Chow [12] and is based on artificial roughness elements (fig. 1)

of various geometrical shapes. In this work strips of rectan-

gular cross section were used, of height either ê or 2ê, and at

axial distances (along the flow) ë. 

Based on the measurements and Manning�s equation:

n=(1/Q)·E·R2/3·JO
1/2 

the n coefficients were calculated in the range

0.128<y/D<0.70, which is most suitable for design purposes,

while the flow was always turbulent (table 1) and subcritical,

and 0<ê/D<0.0126, 12.5<ë/ê <∞. 

For smooth pipes (ê/D=0, ë/ê=∞) the Manning�s coeffi-

cients ns were calculated, and for rough pipes (ê/D≠0, ë/ê≠∞)

the revelant nr coefficients were also calculated. When y/D=1

(full flow) the index f was used, n=nf, while for y/D=0.5

(semi�full flow), the index f/2 was also used, n=nf/2. 

All measurements were performed in a circular PVC pipe

with D=475 mm and JO=1:1000. The strips were glued in the

inner pipe surface, at the above systematically varying di-

stances, and Q, y, were measured with an accurate manome-

ter and an accurate level gauge, respectively. The basic char-

acteristics of measurements, which were organised in three

groups A, B, C, are given in table 1. For more details about

measurements see also Demetriou et al. [9]. 
T.R. Camp, [1], [4], was the first to investigate this topic

and presented the (y/D−n/nf) curve of fig. 2 concerning pipes

of constant inner surface quality. E. Wilcox [2], D. Yarnell et

al. [3], O. Schmidt [5] and D. Bloodgood et al. [6] also ana-

lysed their own results, while Pomeroy [7] measured n in

pipes of larger diameter, and L. Neale et al. have worked with

PVC pipes [8]. 
According to N. Webber [11] and F. White [10] eq. (3.3.)

holds for full flow in pipes, showing that n, ês, and R are

interrelated. This relationship for preelected ês/D and y/D

values was investigated by the authors and is presented in 

fig. 4.

In the present work some preliminary results are given in

Fig. 3, while from dimensionless analysis the qualitative eq.

(3.4) and (3.5) are derived for rough and smooth pipe flows,

respectively. 

In fig. 5 all nf/2 values are presented for ë/ê=∞−
0.0126�0.0063, and eq.(3.6) is derived, where (a,b) depend

on ê/D. Based on the present results, the last dependence is

given by eqs (3.7)�(3.8), and thus, finally, eq.(3.9) is presen-

ted, giving all nf/2 values for all present measurements. 

Fig. 6 shows the relationship between n/nf/2 and y/D

ratios, and the unique curve given by the general eq. (3.10) is

derived, holding for 0<ê/D<0.0128, 2.5<ë/ê<∞, 0.15 <

y/D<0.70. 
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If eq. (3.10) is applied for smooth and rough pipe, then

eqs (3.11) and (3.12) are produced, where ns
f/2= 0.0105.

Dividing these two last equations, eq. (3.13) results, giving

the relationship between nr and ns in sewer pipes of various

roughnesses. 

As a final conclusion, the Manning�s coefficient n is not

constant in sewer pipes, and the above equations may be

applied to calculate the change of n for smooth or rough pipes

at various depths. 
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