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INTRODUCTION 

The t i t l e  of my paper i s  nLow-Velocity A i r  Testing Applied t o  
Hydraulic Problems." It w i l l  be presented from the viewpoint of t h e  
hydraulic engineer since my profeesional experience 'has been h o s t  
.exclusively i n  t h i s  f i e l d  of engineering. 

S c o ~ e  of Paper ..- 

The discuesion w i l l  concern the  use of low-velocity a i r  i n  
t e s t i ng  closed hydraulic s=etems, o r  t e s t i n g  i n  which air can be sub- 
s t i t u t e d  fo r  water without introducing any appreciable error  due t o  
compressibility. It wi l l  deal  with the advantages, disadvantages, 
errors to be expected, and the cautions t o  be obaerved when the  
hydraulic engineer employs t h i s  rnethd of tas t ing.  

Y Ilefinition of Low-Velocity hi? Testing 

For the purpose of this paper, low a i r  veloci t ies  w i l l  be 
considered those which fo r  a l l  pract ical  purposes yield the same reau l te  
as  hydraulic tes ta .  These veloci t ies  usually range up t o  about 250 f ee t  
per second or about 25 percent of sonic speed, depending upon t h e  nature 
of the par t icular  problem. 

Hiatow of A i r  Testing 

Air tes t ing ,  or  aerodynamic t a s t i ng  ae it l a  commonly temed,  
i n  i t s e l f  i s  not new, but t h e  technique of using low-velocity a i r  a s  a 
fluid i n  obtaining aalutions t o  hydraulic problem i s  of f a i r l y  recent 
development. We find referanoes t o  aerodynaadc t e s t i n g  i n  the ear ly  
p a r t  of the twentieth century, but these usually dea l  either d i r e c t l y  
with a i r c r a f t  research or  per ta in  t o  f lu id  mechanics research and not 
t o  t e s t i n g  of the  type under discuesion a t  t h i s  t h e .  I n  t h i s  ear ly  
research work t h e  experimental data from t e a t s  ushg di f fe ren t  f luids ,  
including air and water, were aomnbined t o  i l l u a t r s t e  cr fundamental law 
o r  pr inciple  ra ther  than t o  prove that air could be substituted fo r  water 
i n  determining t h e  flow charactar ia t ics  of W r a u l i c  a p t m a .  It has 
been only within resent years t ha t  low-velocity a i r  testing ha8 been 
used i n  solving problems of thle nature. Among the  first t o  make use 
of t h i s  method,and a pioneer i n  t h i s  field, was Dr.  C. Keller of the 
Swiss firm, Escher ;ws Company. Some of Dr .  Kel ler ts  work ma 



.. - 

'air t e e t i n g  of turbinee- iubl ished in t h e  Escher 'i!yss News and enti t l -ed,  
"A Hethod f o r  Deten~dnizg t h e  Cavitation Factor by A i r  Tests." In the 
same year t h i s  engineering peria!icq:l pbl is ! l t jd  another a r t i c l e  "New 
Nethod of Aerddynamic Research," %hioh c S t t A  some of Dr. Kal ler ' s  work 
and discussed low-velocity a i r  testing of hydraulic and ateam-operated 
machineo. Everything s o t  f o r t h  in this article i s  just as applicable 
tcday when we f ind l ead ing  enginacr.lng organizations,  universities, and 
pr iva te  induetriee ueing a i r  t e s t i n g  as a low-cost useful t o o i  t o  solve 
some of tht?.!r hyd~*zul i c  ?rabLflas. 

In!:!,rmcnb, t e s t ,  c:qai y,crlt, and nlc;ar:iir.; ttg !.aci:rlLqueu are 
i.n::c?:.: t h e  scapft of t h i s  popor but thoy offer no problem i n  low-veiocity 
n i r  t ~ a t i n g  bccauee they nave baen highly developed through the exten- 
sive asrodynraic work per ta in ing t o  s i rzraf t  design. (jr. the other hand, 
~ i i z h  mrk s t i l l  can be done towards defining the  l i m i t s  where aerod>namic 
t e s t i n g  car. be su5stituted f o r  hycraulic tes t ing.  Son12 of the limits 
nlrczdy estiiblishec! xi3 3. be U ~ ~ C L S S C ~  l a t a r .  

~ I n c l ~ c a s i n ~  Ilse an:! Advanta~es of Low-Velocitv Air T o n t i n g  
1 

I 

I There aro numerous reasons why low-veiocity air t a s t i n g  i s  
gc in ing  pcptilgrity with hydraulic engineers, The following advantages 

Y contribute mainl.~ t:, this popularity: 

a. Because of %he low dens i ty  of a i r  the  3t~xcYural. 
requirement8 of the tsst f a c i l i t i e s  are a minimum 

b, For t h e  oame reason power requirements t o  c i r c u l a t e  
t h e  teat  f l u i d  a r e  comparatively low 

c. Absolute f l u i d  t i g h t n e s s  i s  not essential but more 
ea s i l y  a t t a ined .  Wetting problem nonexistent 
which permits use of a wide variety of materials  

d. Atmosphere serves bo2h as a supply reservoir  and 
a catch baain 

e. Test procedure ueuallg great ly  s impl i f ied ,  but 
requires c e r t ~ i n  type6 of more high3.y developed 
rrnd sensitive inat~ments 

f. Reynold's numbers can be made about t h e  same f o r  
e i t he r  sir or  water i n  a given model. Use of a 
l a rger  model t o  test at a higher Reynold's number 
might be advantageous i n  aone casee 



can be applied with neg l ig ib le  e r ro r  i f  t h e  
a ir  ve loc i t i ee  a r e  kept below ce r t a i n  valuen 
( l e a s  than l/4 sonic speed) 

I am sure that you will agree without furtncr explanation t h a t  
a11 except t he  l a a t  i t e m  a r e  advantage8 wl;ick rcst:lt 2 i r o c t l y  uhen a i r  
ie used Lrfateed of water f o r  studying t h e  flow cha rac t e r i s t i c s  of closed 
hydraulic eysteme. However, without proof you r-ight qatsstlon whether o r  

e not the  simple erelationships f o r  an incoapressiblc f l i i i d  are zppliceble 
when a i r  i e  used i n  place of water. I will endeavor t o  supply t h i s  proof 
without going i n t o  e~ t tens ive  ~mthemat ical  de t a i l s .  

< 
Indicated Diaadvsnta~es 

Seforc continuing with the  discussion,  however, it would seem 
appropriate t o  mention a m e  of the  :',iaad\%ntages of using a i r  a8 a t e e t  
medium and t o  emphasize t h a t  the  discueaiori today a p p l i e s  p r inc ipa l ly  
t o  syst.ems of shor t  length where f r i c t i o n  is not o major coneideration. 
A i r  has a comparatively low bulk mdulus, it does not became discontin- 
uous as i n  t h e  caae of l iqu ids  when t he  vapor pressures of the  l iqu ids  
are reached, and aince it is a gas the re  i s  no free surface. %ram these  
properties it would seem t h a t  a i r  could not be used t o  replace a l i qu id  

Y where e f f ec t s  of compressibility, cavi ta t ion,  and grav i ty  a r e  predomin- 
ating f a c t o r s .  Thia is not always t he  castr but one must be s u f f i c i e n t l y  
fami l i a r  with t he  dynamics of gaseous flow :q o d e r  t o  recognize when 
such studies are  applicable. The following discussion concerning t h e  
use of t h e  equations f o r  incompressible flow w i l l  i nd ica te  t he  l N t 8  
where compresaibilitg i s  of l i t t l e  o r  no consequence. k l o g i c a l  and 
val id  conclusion without t h e  aid of utathemctics, w o u l d  be that the 
veloci ty  of sound f o r ' t h e  test medium should not be exceeded i n  any event, 
s ince  beyond t h i s  point  it is  not v a l i d  t o  assume t h e  condition of 
adiabatic changes. ,! zo;e elaborate t heo re t i c a l  treatment of t h e  problem 
ia required i n  such cases. 

A pert inent  queation a t  t h i s  point would be, how near bonic 
velocity can the a p e 4  of t h e  air be without introducing e r ro rs  of 
appreciable magnitudk? 

Application and Limitations of Formlacs f o r  Inconpreesiblr! Flow 

It can be shown t h a t  large errore  are introduced by using 
velociticu near sonic when t h e  simpler hydrdulic re la t ionships  are 
applied. This being t h e  caae, it would appear t h a t  the f irat  problem 
of a hydraulic qngineer niahing t o  use air inetead of water f o ~  t e s t i n g  
a hydraulic system would be t o  determine t h e  naxiaum a i r  veloci ty  f o r  
his par t i cu ia r  study. 



+ a r e  no l a r g e  changes i n  p r & ~ ~ s  o r  veloci ty ,  it w i l l  notv be necessary t o  
make an eval-uation s f  the compreasibi l i ty ef fec ts .  However, i f  t h e r e  4s 
some qudation s a  t o  whether o r  not t h e  compreasibi l i ty e f f e c t e  should be 
of concern t h i s  evaluation can be made as will now be outlined. The prob- 
lem may o r  may not be easy depending upon how d i f f i c u l t  it i s  t o  es tab l i eh  
approximate expreseioile f o r  t h e  f low condit ions as.regards t h e  re le t ion-  
ships  f o r  pressures and v e l o c i t i e s  f o r  both incornpreasj.'',e and compressible 
flow. The maximum permissible v e l o c i t y  for  t h e  problem can be determined 
by s e t t h g  up t h e  expressionti: f o r  incompressible and compressible flow f o r  * t h e  pressures at  two ca re fu l ly  ae lec ted  pointe, computing t h e  pressure 
change from one point  t o  t h e  o ther  f o r  both types of flow, and p l o t t i n g  
these  against the  respect ive  v e l o c i t i e s  a t  t h e  reference point.  

i 

I f  t h e  ve loc i ty  of t h e  a ir  i s  kept within t he  range where t h e  
presaure d i f fe rence  between t h e  two se lec ted  points  i s  e s s e n t i a l l y  t h e  
same f o r  both types of flow, then the  simpler hydraulic r e la t ionsh ips  
can be used i n  analyzing t h e  t e s t  data from a hydraulic system using a i r  
inste8.d of water as t h e  t e s t  medium. 

The ve loc i ty  of t h e  a i r  which w i l l  give r e e u l t s  within a given 
percent of accuracy i n  a given system can be found by considering t h e  
following two general  equations f o r  Incompressible and compressible flow 
which a r e  derived from t h e  Bernoulli  relationship between t h e  two points ,  

w 

h l  - = I - -  1 (v12 - vO2) (incompressible flow) 
ho 2gho 

and 

2 cO2 i (compressible flow) 

where h is pressure head, V i s  velociky, g is accelera t ion of gravity, 
K is the  gas constant,  C is t h e  acoust ic  velocity,  and t h e  subscr ip ts  
o and 1 r e f e r  t o  t h e  reference e t a t i o n  and selected stat ion,  respectively. 
For the  type of t e s t i n g  now being coneiderad a l l  v e l o c i t i e s  a r e  much 
l e s s  than sonic and a l l  p eaaurea K i l l  be near atmosphere. Therefore, 

(V1fO2' vos) w i l l  be l e s s  unity a l l  t h e  r i g h t  8iCo t h e  term K - 1 
2 

of t h e  equation can be expanded i n t o  a convergent s e r i e s  by means of 
t h e  b i o n d c a l  theorem and my be written 



- , ." 
r a t i o  of flow area8 2. Than I 

A 1 

since Q J- 
coS2 g 

a l so  f o r  incompreesible f l o w  

J h a d m t i o n  of these equations show t h a t  t he  r e l a t i ve  magnitude 
of the compreasibility effeata will be refl.ected only i n  the second and 
subsequent t e r m  within the brackets and that it depends on three factors :  
(1) the  velocity of the air in  t % t e s t  ayetern, (2) the sonic veloci ty  a t  
the  pressure i n  the  t e e t  syatern, and (3) t h e  shape of t he  flow passage. 

A quick e s t i s a t e  of the  probable e r ror  i n t r ~ d u c ~ b y  using a i r  
instead of water may be made fo r  a particular t e s t  sat-up by subs t i tu t ing  
app rox ia t e  values of Vo, C,, andp i n  t be  second term w i t h h  t h e  bracket. 
For tkmple,  let V,, = 250 ft /sec,  C, = 1003 ft/aec. a n d p  - 2. This 

error would be 1 (3l2 (4 - 1) or 1- . 0.067 or  4.7%. The effect of 
1, (;000) 64 

the t h i rd  and subsequent terms is insignif icant .  &amination shows that 
error would be reduced t o  about l% i f  V w&s limited t o  50 ft/ssc. How- 
ever, preaaure i n t ens i ty  end prsaeure d!fferential,s might be more d i f f i c u l t  
t o  measure and more preciae instruments required. 

Exernrples to Determine L M t i n ~  Velocity 

One of t h e  beast complicated axamplea fo r  determining: t h e  
permissible t e e t  veloci ty  i s  that for ateady flow past a sol id  body held 
s ta t ionary i n  a uniform e t ~ e a m  such as a P i t o t  tube which wt bs used 



flow upstream from t h e  body and on t h e  leading edge of t h e  body where stag- 
nat ion pressure existo.  Expressions f o r  t h i s  case a re ,  

v,2 hs - ho = - ( i n ~ o m ~ r e a s i b l e  flow) where ,E = 0 
2g 

(compressible flow a t  subsonic veloci ty)  

The subsc r ip t s  o and s r e f e r  t o  the  s t a t i o n  i n  t h e  undisturbed 
flow and ai, t h e  stagnation point, respectively.  Assuming various values 
for Vo (lleas than sonic) ,  computing values of h, - h, and p l o t t i n g  t h e  

- ho) vs Vo t e r n s  f o r  both cases,  t h e  follokdng graph i s  obtained, 
Figure 1 ) .  An examination of the  graph d i sc loses  that t h e  values f o r  t hs 

both conditions a r e  essential.ly t h e  same f o r  v e l o c i t i e s  up t o  about 
250 f e e t  per  aecond. For t h i s  type of s tudy then, one would conclude 
t h a t  compnrz'ole r e s u l t s  could be obtained with sir providing t h e  value 
of Vo was kept below about 250 f e e t  per second and t h a t  r e l i a b l e  r e s u l t s  
could be expected from a :%tot tube f o r  t h i s  ve loc i ty  range. However, i f  
o ther  points  i n  auch a system a r e  selected, it is possible t h a t  t h e  value 
of Vo would have t o  be l e a s  i n  order t o  hold t h e  error to an equivalent 
minimum. Compressibility effects i n 2 u e n c e  t h e  r e s u l t s  frocr many test 
instruments. Flow through an o r i f i c e  i s  another example. The accuracy 
of the  fonuula f o r  incompressible flow through an intal ie  o r i f i c e  w i l l  
vary depending upon t h e  pressures under which it operates and the  re fe r -  
ence pressure used i n  making the  computation. The four lines on t h e  graph 
of Figure 2 ahow t h e  percent e r r o r  i n  quan t i ty  f o r  four poss ib le  conditions. 
The e r r o r  i s  a minimum when the  base presaure i s  t h a t  i n  t h e  pipe downstream 
and r e s u l t s  a r e  compared with those ob.tained by t h e  equation for campreas- 
i b l e  flow using t h e  s p e c i f i c  volume f o r  the  downstream pressure. d i t h  the 
'Low ve loc i t i e s  emplayed t h e  alr t e a t s  now being diacusaed, t h e  pressure 
d i f f e r e n t i a l s  are small and the  r ~ t i o  o f  damstream pressure t o  upatre- 
pressure 80 near unity t h a t  the  e r r o r  i s  small i n  any cost. I might add 
t h c t  t h e  mean pre~reure could be used and would r e s u l t  i n  even l e a s  e r r o r  
i n  the  case where t h e  quant i ty  i s  baaed on t h e  epec i f i c  volume at t h e  
downstream pressure. It may be concluded from t h i s  i l l u s t r a t i o n  t h a t  the 
equation f o r  incompressible flow f o r  an int&e o r i f i c e  may be used without 
introducing much e r r o r  i f  t h e  pressure d i f f e r e n t i a l  across  the  o r i f i c e  i s  
kept ~rnall., not more than 1 foot  of ~ a t e r .  

Exanplea f o r  atream tubee i n  general and f o r  flow in a ventur i  
meter m y  be found in "Fluid Mechanics" by Dodga and Thompson. The 
evaluation of t h e  cornpl*easibility e f f e c t s  on t h e  accuracy of data taken 
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making t h s  t e s t a  might be only th; i n i t i a l  phase of a atudy in  which a i r  
i s  substituted fo r  water. In  most casea the need f o r  t h i s  initial work 
can be e l b i n a t 4  by keeping the t e a t  veloci t ies  a8 low as possible and 
st i l l  provide accurately measurable quanti t ies.  With s l i t t l e  experience 
the  hydraulic engineer i s  able t o  recognize whether o r  not tho i n i t i a l  
investigation of the c a ~ ~ ~ : r e ~ s i b i l i t y  e f fec t s  is necessary. 

There a r e  other factors  not apparent in the equationn' which . 
might influence the  accuracy of the  r e su l t s  or rnake them qual i ta t ive  
only. Specific examples dl1 be ci ted l a t e r  t o  i l l u s t r a t e  soms of t h e m  
factore which have been diacovered mainly through experience. 

tivdraulic Problem Studied by Csw-Velocity A i r  Tests 

A i r  has been used successfully i n  hydraulic problems of the  
following nstcre: 

a. Deaign of water passages and rumere and 
a impellers of hydraulic turbines and pumps 

b. The study of operating character is t ics  of 
hydraulic turbines and pumps including 
the  efficiency and cavitation factor  

c, The study and determination of losses i n  
and the capacit ies of water d i s t r ibu t ion  
eystems 

d. The determination of the  loases i n  and the  
capacity of comparatively large water 
tunnelfs 

e. The study of t h e  mechanic8 of turbulent flow 
and its applicat  ion t o  l iqu ids  (turbulence 
loss ,  dsvelopmsnt , and decay below screens) 

f. The otudy of t h e  hydraulic character is t ics  
of large ou t le t  valves 

g. The atudy of the  hydraulic character is t ics  
of complex paeeages such as those of 
hydraulic operating ryatems of large valve8 

h. The otudy of the p r e ~ s u r e  d i s t r ibu t ion  and 
loasea f o r  various rhapes of penstock inlets 



of certain typeo of P l ~ d  meters (nozzles, 
o:*ificsa, etc. ) 

j. The etudy of t h e  d i f fus ion  of a i r  jets and 
i t s  appl ica t ion to ouch s t ructure6 a3 sub- 
merged sluice gates 

* 

Testing Pertaining to Turbine and Pump D e s a  

The a i r  t e s t i n g  i n  connection wi th  turbine des ign s e w  t o  
have been done mainly by Sennan and Swias engineers i n  the h t e  t h i r t i e s .  
A great  deal of t h e i r  hvrk was published. in the Swiss technical  paper 
rr2scher '.liysa News," which contained the fol.lowing comparison between 
a9rodynami.c and hyamulic t e s t a ,  (Figure 3 ) .  The method oeems not t o  
have been adopted by ranufacturers i n  t h e  Uriit,ed Sta tes  f o r  we find 
these companies s t i l l  uning water f o r  t e s t i n g  t h e i r  models. The same 
is  true of 1Jnited Statea p m p  mul'actm.ers. 

T e s ~  :ng Pertaining t o  L a r ~ e  'vititer Tunnels - 
An =~unual lnstance where a i r  has been wed ins tead of water 

t o  c!etc?mine the flow c h ~ r a c t e r i ~ t i ~ : s  of a systeu of water tumeis before 
t h e y  wore placed i n  opcrat,:on an0 checked by hydraulic t 9u ta  afterward 
*.as discussed I n  papers given by two French engineers, C .  Remenieras 
and P. Bourgingnon a t  t he  1949 meeting of the International. Aesociatiorl 
f o r  Hyuraulic St ructcres  Research i n  Grenoble, France. The work consisted 
of pansing a i r  through t n e  tunnels taking measurements of pressure chongea, 
ascertaining t h e  loss coef f ic ien t s  and computing t h e  tunnel capacit ies.  
'l'ha agreement was very good when t he  r e su l t s  were checked after t h e  system 
was placed i n  operation. The a i r  tests i n  t h i s  case ac tua l l y  proved t h e  
ad5quecy of pa r t s  of t h e  system before c ~ n a t r u c t i o n  of the e n t i r e  ayatwn 
-3 cmpleted as would have oeen necessary for water tes ts .  Such t e s t s  
permit an on-the-spot check of such a system before t h e  contractor has 
moved from the  s i t e  and any deficiency could be corrected at a minimsm 
cost.  

Te8t i .n~ pertain in^ t o  Turbulence 

Currently, mrk i a  being done a t  t h e  University of 10- laboratary  
to study fundamental l a w s  deal ing with turbulence. A i r  i s  used instead of 
water because su i t ab l e  instivments have been developed for measuring turbu- 
lence i n  air and instruments f o r  measuring turbulence in ua tc r  are s t i l l  in 
t h e  experimental stage. The diffusion of an air jet and its appl ica t ion t o  
s**bmcrged s l u i c e  gates is another of the Univex-sityfs projects .  



I The air t e s t i n g  of k~draulic equipment w i t h  which I am most 
familiar is .  of course, that dono i n  t h e  Bureau o f  Reclamation Hydraulic 

..-r "'J -- ---- ---.. r----u--- - -  - -  -*- - -  - - 
redresentat ion of th ia ,  mecb~nisrn was conetructed of wood and sheit meial I 

ht.e.~lt  t ~ ~ t s  in th.. labaratarv have included t h e  study of the 1 

I Ydscellanso~s Items Af . f ec t i n~  Low-Volocit~ A i r  Testa 

I 
I n  t h e  initial eir t e s t a  on d i f fuse r s ,  an unexpected discrepancy 

lars not& i n  the resu l t s  when cmgwred with those of u a t e r  t e s t s ,  ( ~ i g u r e  4). 

- - - - - - - - - - - - -- - - 
k decrsase in loes was indicated inmehiatoly. It was concluded that turbu- 
lence was afaost nonexistent without the basket placad i n  t h e  incoming air  
s t r e a n  because of t h e  arrangement which med the entire volume of t h e  

1 laboratory as a supply reservoir and thue flow conditions were not correctly 
ranresented. The ala~ratug r~as r a r r a n n d  as 9hom fop b e e  11 wad the tes t8  

With the air supply peeing through the screen beforo flowing 
through the diffusers of the new arrangement t h e r e  mrtl a mrked change I 



hydraulic t e s t s .  This s i tua t ion  of  having e v i r tua l ly  turbulence-free 
f l u id  a t  the bcglnning of the model, which ff rst occurred inadvertently 
i n  the air t e s t ,  sat-elg, i f  ever, i s  encountered i n  a hydraulic problem. 
It i s  the  Pemrse of the  case i n  aerodynamic works where the turbulence- 
f ree  conditions of t he  atmosphere can best  be only approfimated i n  wind 
tunnels. The p lo t  of Figure I, i l l u a t r a t e a  the e r ror  which m i @ t  be i n t r o -  
duaed by impmpe r turbulence. 

Several i t e m s  of i n t e r e s t  were discovered i n  the air t e s t s   mad^ 
i n  the Oureau laborator: pertaining to t he  d e d g n  of ou t le t  valves. The 
t e s t s  concerned, the Ensign Balanced valve, wedlo valves, and the  more 
recent devdopmnt ,  the hollow-jet valve. I n  the case of the balanced ' 

valve, extensive a i r  t e s t s  were made on the exist ing design and proposed 
a l te ra t ions  to eliminate cavitation (Figire 5) . The t e s t s  were completed 
before a hydraulic mod01 could be put i n  operation and wre used as an 
expedient t o  obtain design information w h i l e  t h e  hydraulic model was being 
constructed, The air tes t s  were l a t e r  checked by water tes'ting of a scale 
model and in general found t c  be i n  e x a d l e n t  agreement. When material6 
could not be obtained for  making the indicated a l t e r a t ions  because of 
war rest r ic t ions ,  the t e s t s  were used as a guide i n  operating the valves 
at  openings which would pellnit a minimum of cavi ta t ion.  The operation a t  
these openings proved highly successful i n  reducing the  cav i tn t i  on darcage . 
I could p$ve n ctiscussion on the constnaction of a i r  models, but this 
would be a p q e r  i n  itself. However, i t  might be nent ioned here that 
t h e  use of maleline clay i n  t h i s  type of air testing m i & t  be l ikened to 
t h e  use of an eraser  i n  drafting. 

From the r e s u l t s  of t h e  t e s t s  on the bal,mced valve, i t  may be 
shown t ha t  very r e l i ab l e  quant i ta t ive  da t a  dl1 ba obtained from hyrfraulic 
systems i n  which t h e r e  i e  l i t t l e  chance f o r  vapor pressures to occur .&en 
air i s  used as e t e s t  fluid. On the o the r  hand, when vapor prescure i a  
likely to occur i n  the  hydraulic syatem tlle data are not 80 r e l i ab l e  
quant i ta t ively but are extremely u s e m  qual i ta t ively.  Figures 6, 7, 
and 8 illustrate t h i s .  A connparieon of pressure f a c t o r s  fo r  oomputing 
pressure in ten  &ties a t  given poihi 3 f o r  vcrious operating c o d  t ions  
show excellent agreement i n  the  case of the streamlined design and sizeable 
discrepancies in the: design #hem cavi ta t ion was a pmblam. The mom gen- 
eral condition o f  f low leading t o  discrepancies of t h i s  nature i s  t h a t  here 
separatfon i s present, 

Another interesting fact noted during the same study h e n  tno 
smell valves were cal ibrated u d r q  both air and  water, was t h e  hpor tanae  
of selecting the co r r ec t  points f o r  meamring pmssuras or  pressure drops 
which Muld represent the ac tus l  hydraulic conditions. I n  the case of 



addi t ional  piezometer i n  order t o  meaeure t h e  ef fect ive  head on t h o  ralve, 
mainly because t he  use of a i r  actually represented a submerged condjcion 
which wae not the case i n  the  hydraulic t e s t s .  Uithout t h i ~  piezomctsr 
t h e  reeults would have Been misleading and wouLd'not have compared n t h  
those from t h e  water t e s t s .  

In  another instance it was found neceeeary t o  remove wh&l off- 
hand appeared t o  be an essential part of t h e  t e s t  valve i n  order t l r  make 
it represent the hydraulic conditions which wuld be praeent i n  t h ,  f i e l d  
structure. 

Conclusion 

Mo doubt there are other factors involved i n  the proper repre- 
senta t ion of boundary conditions which influence the appl ica t ion us! . 
Rccuracy of' air t e s t  r e eu l t s  t h a t  have not besn discussed i n  this 2aper. 
Those ?resented hare are e i t he r  readily apparent Prom an eus t~~~ina i icn  of 
t h e  physical re la t ionahips  involved o r  those encountered by the aathor - 
i n  h i s  work or  in  contacts  with other engineers 'who have conducteJ iow- 
veloci ty  a ir  t e s t s  fo r  solving problems of a hydraulic nature. I t  would 
be i n t e r ea t i ng  t o  hear from others who have had experience with c r  have 
knowledge of hydraulic problems being solved by low-velocity air Lenting. 

In closing 3 would iike t o  leave t h i s  thought. Although low- 
veloci ty  a i r  testing of hydraulic syetema i s  a very useful ,  expeditious, 
and economical method of solving many hydraulic problems, it i s  d ~ u b t f u l  
i f  it tci.11 ever be used extensively o r  result i n  accomplishments ~f a 
sensat ional  nature. It i s  used mainly a s  a suba t i tu te  for hydrau Lic 
t e s t n  and serves as an expedient for  &-gent o r  preliminary studiet.  Tho 
f i n a l  proof of the design of a hydraulic system K i l l ,  therefore ,  a most 
cases s t i l l  be its successful  operation under hydraulic ccsndition:i. 
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COMPARISON OF PRESSURE FACTORS 

PROPOSED REDESIGN AND EXISTING OUTLET 
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