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APPLICATION 0? WATER GBAHNEL COMPRESSIBLE GAS 

ANALOGIES TO PE0BL5MS Of SUPERSONIC WIHD TUNMJL DESIGK 

SOMMAKY 

A small supersonic wind tunnel of the Slowdown type and a 

^water channel were used to determine the app l i caMl i ty of the com­

press ib le gas analogy to one phase of the design of supersonic 

nozzles, 

A model of the two-dimensional supersonic nozzle was t e s t ­

ed in the water channel; and by applying the hydraulic analogy, 

the pressure d is t r ibu t ion along the nozzle was obtained and com­

pared with pressures measured in the wind tunnel. Pic tures were 

taken of the water flow in the nozzle and compared with schlieren 

photographs of the a i r flow in the wind tunnel, 

The r e s u l t s obtained show good agreement between the water 

channel flow and that of the wind tunnel. Local var ia t ions of 

contour resulted in disturbance of the flow, th i s was observed 

in both the water channel and the wind tunnel. Upon modification 

of the contours, similar and improved flow was observed in both. 

Ih i s demonstrated the application of water channel tes t ing of 

wind tunnel shapes as a preliminary step i n supersonic wind tunnel 

design, 



INTRODUCTION 

Supersonic wind t u n n e l s of today pre very complex mechanisms and a r e 

expensive to cons t ruc t and modify; t h e r e f o r e , j u s t a s models of a i r p l a n e s a re 

t e s t e d , modif ied, and r e t e e ted, i t appears to "be f e a s i b l e to t e s t models of 

supersonic wind tunne l s and modify the des ign before c o n s t r u c t i n g t h e a c t u a l 

t u n n e l . A f i r s t s tep i n t h i s problem i s cons ide ra t i on of the supersonic n o z z l e . 

I t may be f i r s t thought d e s i r a b l e to t e s t a th ree-d imens iona l model of 

a supersonic wind tunne l ; however, s ince a wel l -des igned wind tunnel has 
1 

e s s e n t i a l l y one-dimensional flow, i t i s s u f f i c i e n t to t e s t a two-dimensional 

model. Now, to v i s u a l i z e the flow i n the wind t unne l , a s c h l i e r e n system 

can be u s e d . The p r e s s u r e d i s t r i b u t i o n may be obta ined by connecting open­

i n g s a long the tunne l to a l a r g e group of manometers. However, an e x c e l l e n t 

s c h l i e r e n system i s a very d e l i c a t e p i e c e of appara tus and q u i t e c o s t l y . Man­

ometers tend to f l u c t u a t e r a p i d l y , and a re known to have a cons ide rab le l a g 

i f an app rec i ab l e l eng th of connecting tubing i s necessa ry , 

Considering t he se p o i n t s , i t appeared t h a t a model of the supersonic 

wind tunnel des ign o r any p o r t i o n of the des ign could be p laced i n a 

water channel where the flow could be e a s i l y v i s u a l i z e d and photographed. 

A l so , the p r e s s u r e s could be determined by the h y d r a u l i c analogy which 
2 

was p resen ted f i r s t on a mathematical b a s i s i n 1932 by Hiabouchinsky and 

used to i n v e s t i g a t e the flow i n a Laval nozz l e , 

1 
Harold S i b e r t , High-Speed Aerodynamics (New York, P r e n t i c e - H a l l , I n c . , 

19*f8) p . 8+ 

2 
Hiabouchinsky.B, , Mecanigno des f l u i d e s , Comptes Rendrs. t . 195i No.22, 

November 28, 1932, p p . 998-999 
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Blnnie and Hooker f u r t h e r I n v e s t i g a t e d the h y d r a u l i c analogy,and 

k 
Erns t Pre iswerk conc lus ive ly proved t h a t water flow with a f r ee 

surface can be app l i ed to the theory of g a s dynamics. 

North American Avia t ion , Incorpora ted , recognized the p o s s i ­

b i l i t i e s of extending experimental c o m p r e s s i b i l i t y r e s e a r c h by use of 

the h y d r a u l i c abalogy and ran numerous t e s t s . On the b a s i s of 

6 
t h e i r recommendations. Hatch b u i l t a water channel a t the Georgia 

I n s t i t u t e of Technology and conducted t e s t s on supersonic a i r f o i l 

7 
p r o f i l e s . His work has been extended by Catchpole , The water 

channel t e s t s for t h i s t h e s i s were conducted i n t he equipment men­

t ioned above. 

3 
Binnle , A.M., and S. G. Hooker, "The Flow Under Gravity of 

an Incompress ib le and I n v i s c i d F l u i d Through a Cons t r i c t i on I n a 
Hor i zon ta l Channel," Proceedings of the Boyal Soc ie ty . Vol. 159• 
(London, England: 1937) , p p . 592-608. 

4 
Prelewerk, E r n s t . , "Appl ica t ion of the Methods of Gas Dynamics 

to Water Flows wi th Free Surface*" 
P a r t I . "Flows wi th Ho Energy D i s s i p a t i o n . " MACA 5M. No.934, 

1940. 
P a r t I I . " F l o w s wi th Momentum D i s c o n t i n u i t i e s . " KAOA TM.Ko.935. 

1940. 

5 
Bruman, J . R . , "Appl ica t ion of t he Water Channel Compressible Gas 

Analogy." (North American Avia t ion . Incorpora ted . Engineer ing Repor t . 
No. BA-VM-8, 1947) . 

6 
Hatch, J . E . , "The Appl ica t ion of the Hydrau l ic Analogies to 

Problems of Two-Dimensional Compressible Gas Flow," (Unpublished Mas t e r 1 s 
Thes i s , Georgia I n s t i t u t e of Technology, A t l a n t a , 1 9 ^ 9 ) . 

7 
Catchpole , J , E , , "Appl ica t ion of t he Hydraul ic Analogy to Study 

the Performance of Several i r f o l l s i n Compressible Slow," (Unpublished 
Master1 s T h e s i s , Georgia I n s t i t u t e of Technology, A t l a n t a , 19**9). 

TM.Ko.935


THEORY 

She problem of the motion of f lu ids which i s already suff ic ient ly 

.involved even when considered as incompressible, beccmes s t i l l further 

complicated and more d i f f i cu l t when the property of compressibility I s 

taken into account. In the majority of cases, therefore, when com­

p r e s s i b i l i t y i s to be allowed for, i t i s necessary to make simplifying 

assumptions In other d i rec t ions . Therefore, in the a i r flow of t h i s 

paper, v iscos i ty has been neglected and the f luid considered to be 

f r i c t l on l e s s and compressible* The further assumptions are made tha t 

the density of the compressible f luid depends on the pressure only and 

such inhoraogeneities resul t ing from the heat conducted from the f luid 

by the surroundings are excluded, A rigorous development considering 
8 

these aerothermodynamic problems has been given by Bailey* The flow 

i s considered to be i r r o t a t i o n a l , since the s ta te of res t i s a special 

case of i r r o t a t i ona l motion and any compressible f luid flow s ta r t ing 
9 

from r e s t i s an i r ro t a t i ona l flow. 

The "method of charac te r i s t i c s" , f i r s t applied to supersonic flows 
10 

by Prandtl and Buseman, provides a means of computing the flow through 

a given two-dimensional supersonic nozzle. I t also provides a means of 

8 
Bailey tN.P., "The Thermodynamics of M r at High Veloci t ies ," 

Journal of the Aeronautical Sciences. Vol. I I , No.3, up.227-238, 
July, 19^44. 

9 
Prandtl , L, , "General Considerations on the Plow of Compressible 

F lu ids , " IT.S.National Advisory Committee for Aeronautics. Technical 
Memorandum No.805. October 1936, 25 pp. 

°Prandtl , L. and A. Buseman, "Nahrungsverfahren zur zeichnerische 
Ermittlung von ebenen Stromungen mit tTberschall geschiwindigkeit," 
Stodola Fes t schr i f t . Zurich, 1929, p.^99» 



determining the shape of the walls of a supersonic nozzle in such a 

manner that the veloci ty at the end of the nozzle i s uniform and par­

a l l e l across the en t i re section, A similar but more complicated 
11 

method has been developed for three-dimensional flows. 

A general supersonic flow f ie ld can be imagined to consist of an 

i n f i n i t e number of small disturbance waves (see Figure 5 ) . The funda­

mental idea of the method of charac te r i s t i c s i s to replace the i n f i n i t e 

number of waves by a f i n i t e number which can then be treated separately. 

In the areas between waves, the veloci ty magnitude and direction are 

considered constant. Therefore, i t i s necessary to replace the actual 

boundaries of the flow by approximate boundaries with a f i n i t e number of 

disturbances. That i s , a curved boundary i s replaced by a number of 

s t ra ight l i n e segments with a def in i te angle between each. 

The effect of the wave produced by the wall bend in Figure 1J 

i s to deflect the flow through an angle d , I t also produces a change 

in the speed and pressure which are determined only by d . The math­

ematical treatment necessary in the computation of the flow changes 

12 
produced by a single disturbance wave has been given h^j Puckett, Ciese 

equations may be computed from the equations of motion for the f luid 

i n d i f fe ren t ia l form, If Wn i s the component of Ŵ  normal to the 

wave, then conservation of mass for the flow across the wave requires that 

11 
Sauer, Edward, "Jftnfuhrung in die Gasdynamik," Ann Arbor,Michigan, 

19^5, P. 137. 

12 
Puckett,A.!?., "Supersonic Nozzle Design," Journal of Applied 

Mechanics. Vol. 13, Wo,̂ -, December 19^6, P. A-265. 
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^Wn^Cf* </fXWn+ <J Wn) (1) 

b r 

W^dp+fc/Wn =0 

Let W he the component of W. pa ra l l e l to the wave front; the 
t •*• 

conservation of momentum pa ra l l e l to the wave requires that 

^KK = (/> -*4>W*+ Mn**t + J}/0 (2) 

or 

dWt =0 

That i s , the only veloci ty increment produced by the wave i s 

normal to i t . The momentum component normal to the wave i s conserved 

i f 

fK^K-1- dT:=0 (3) 

Eliminating dWn "between Equations ( l ) and (3) gives 

K*= ¥ = * w 

* do 

where "aw i s the local speed of sound. 
Bius, the veloci ty component normal to the wave i s the speed 

of sound. Use of the energy equation wil l show that th« process across 

the wave i s i sen t ropic , and dp/dp i s computed using the i sen t ropic law 

J L L — constant ^ j 

r 
Since Wn SV-A^YV^ where^ i s the wave angle, we have 

- ^ p = ^= A (6> 

where M i s the local M&ch number. The wave angle yfi i s then called the 

"Mach angle". The increase in the veloci ty W i s given ay 

a V = dWn-4»~./3 (7) 
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<while the change i n flow direct ion must be equal to 

<*= ^ T - (fe) 
lYom Equations(?) and (8) , the re la t ion "between increase 

in speed and change in flow di rec t ion i s immediately found 

dJ&=. -^^^Un.pde 
rt S^^T 

*or using Equation (6) 

<M ^ _ ° ^ — (9) 
*v V/^f-T 

This Equation i s the only resu l t necessary to perform the step-

by-step computation through any number of waves. I t must he observed, 
however, that M i s a function of W which must include the var ia t ion in 

13 
the speed of sound, a, with W, The Mach number and W are re la ted by " 

(*S= - ^ r - (fo) 

where a* i s the " c r i t i c a l speed of sound", a constant for the flow. This 
Ik 

may be deduced from the energy equation for the f lu id . If t h i s r e ­

l a t i o n i s used in Equation (9) with W = w/a*, then 

de~fjry3^ w (n) 

With Equation ( l l ) the successive flow changes through a ser ies 

of bends in a wall may be computed. If W.. i s given, the increment 

13 
Sibert,H,W,, "High-Speed Aerodynamics," Prentice-Hall , Inc . , 

Hew York, N. Y. W , p . 23 

14 
Iiepmann,H,W. and Puckett,A,H,, "Introduction to Aerodynamics 

of a Compressible Fluid," John Wiley & Sons, Inc. New York,IT. Y. 19^6, 
Chapter 3. 



producing W2 and W„ are obtained from Equation (11); i t i s necessary 

to compute only the Mach numbers corresponding to Ŵ  Wg and ¥>. in order 

to draw the Mach wave a t the proper angles, as given by Equation (6 ) . I t 

should be pointed out that the waves described eo fpr are "expansion waves," 

since the d shown wi l l , according to Equations (9) and (3) , produce 

a drop in pressure . 

The evaluation of Equation (11) for every wave in the flow becomes 

a tedious computation, but may be avoided by noticing that Equation ( l l ) 

may be integrated, resu l t ing in a function = f (W). Since W i s also 

a function of M, an expression of as a function of M may be obtain­

ed; the expl ic i t r e la t ion becomes 

Q^^'ll^f '^j-^-'/M^- V 

•this i s the r e l a t ion obtained by Prandtl and Meyer, in computing 

the flow around a single sharp convex corner. The d so defined i s some­

times called the Prandtl-Meyer expansion angle. The function has been 

tabulated for small in tegra l increments by Puclcett " and by the staff 
16 

of the Ames Aeronautical Laboratory, 

When two expansion waves in t e r sec t , they continue to have thei r 

same strength and increase the flow by J^Q . The angle which the wave 

makes with the flow i s changed due to the fact that the wave has passed 

into a region of increased flow. The angle of the wave has to be r e -

15 
Puckett, l oc . c l t . 

16 
"Notes and Tables for Use in the Analysis of Supersonic Flow", 

U._S. National Advisory Committee for Aeronautics. Technical Memorandum 
No. 1A28, December 19^7, 86 pp . 
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computed using the angles of the increased flow. 

When a wave s t r ikes a s t ra ight wall, i t must "be ref lected in a 

manner so that the flow wil l again he pa ra l l e l to the wall; hence, the 

ref lected wave has the same strength as the wave s t r ik ing the wall . Had 

the wall "been deflected against the flow by an angle equal to the angle 

producing the wave* no ref lec t ion would occur, and the flow would he 

p a r a l l e l to the tunnel wall . 

A supersonic nozzle such as shown in Figure Ik can now be de­

signed. The nozzle i s considered to commence a t the throat , across 

which i t i s assumed that the Mach number i s uniformly 1; the va l id i ty of 

th i s assumption depends on the shape of the subsonic contraction section 

which must precede the throat . An expanding section follows and then a 

return to a p a r a l l e l section at the end of the nozzle. I t i s the object 

of the nozzle design to produce a flow with no disturbance waves pres­

ent a t the ex i t , 

The f ina l nozzle shape should actual ly consist of a smooth 

curve faired through a l l the points of in te rsec t ion of waves with the 

wall. This can be accomplished best on a p lo t with exaggerated v e r t i c a l 

ordinates . The nozzle may be drawn symmetrically about the center 

l i ne or the center l ine may be replaced by a solid wall , 

A check on the overal l graphical construction may be obtained 

by computing the r a t io of the exi t area A, produced by the construc­

tion, to the throat area A*, and comparing th i s with the theore t ica l 

area ra t io deduced for one-dimensional flow, which i s given by 

r+i 
A = J_ \j^ld}£lL\ ^ ^ (13) 
A* /A L Y+* J 
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Since the flow in both throat and exit section i e one-dimensional, 

these two area r a t i o s should agree within the error of the graphic con­

s t ruct ion, 

An approximation method for designing the nozzle may be employed 

which wil l reduce the labor involved. I t wi l l be noted from "Figure 14 

that the flow pat te rn a t a section through the maximum point of expan-

sion consis ts of nearly uniformly spaced f i e ld s with constant Mach num­

ber, Thus, the flow i s almost uniformly rad ia l a t that section, 

Therefore, i t appears feasible to design a nozzle by s ta r t ing a t the 

section of maximum expansion and assuming a uniform radia l flow. This 

amounts to assuming the existence of uniformly spaced wave quadr i la t ­

e r a l s with constant Mach number and flow direct ion varying uniformly. 

The number of waves which must be present i e determined by the expansion 

angle used and i s given by 

/n = - ^ W) 
c/O 

The design for the nozzle in Figure 14, s tar t ing at the section 

of maximum expansion and assuming uniform rad ia l flow at that section, 

i s shown in Figure 15. Using t h i s design procedure, i t i s necessary 

to connect the maximum expansion point with a throat of the correct size 

by a smooth curve representing the expansion section. The correct throat 

size must be computed in th i s case from Equation (13), 

If boundary layer growth and f r ic t ion losses are l ike ly to be 

objectionable, i t i s advantageous to use the shortest possible nozzle 

design. This point of view was predominant in the German supersonic wind 

tunnel designs. However, the longer a design, the l e s s c r i t i c a l i s i t s 
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design insofar as producing a uniform f inal veloci ty i s concerned. If 

the expansion angle i s small enough, almost any smooth curve connect­

ing the throat to exi t section will produce a reasonably uniform f ina l 

ve loci ty . Therefore, i t i s conservative to use an expansion angle much 

smaller than the maximum, 

The rea l flow consis ts of a core of nonviscoue flow and a thin 

layer of retarded flow along the wal ls . I t can he shown tha t the perfect 

f luid core "behaves as though i t were f loat ing between walls which l i e 

17 
somewhere in the "boundary layer ins ide the physical walls , 

The "boundary layer in a supersonic nozzle gives the effect of 

reducing the area of the nozzle as the "boundary "builds up. Since the 

boundary layer builds up on a l l four sides of the nozzle, for the two-

dimensional case, i t i s necessary to expand the top and bottom a suf­

f i c i en t amount to correct for the boundary layer on the four sides, 

The Guggenheim Aeronautical Laboratory, California I n s t i t u t e of 

Technology, has made some theore t ica l estimates of the ra te of boundary-

l a y e r growth and compared them with boundary- layer p r o f i l e s measured 

in the i r 2.5 inch supersonic wijjid tunnel . They recommend that the r a t e of 

increase through a square t e s t section i s such that an expansion of the 

top and bottom walls by 0,007 to 0,010 inch per inch of length on each 

wall wi l l roughly provide the necessary compensation for a l l four sides, 
5 

Hhese f igures were found to be useful for Reynolds numbers from 5 x 10 

17 
Durand, W,P,, "Aerodynamic Theory", Ju l ius Springer, Berl in, 

1935. Vol. 3, P . 89* 



6 18 
to 5 * 10 , and for Mach numbers on the order of 1.5 to 2 . 5 . 

ffor a nozzle having a cross-section other than square, the 
v 

boundary layer correction has to be calculated on the basis of the 

perimeter of the cross-section compared to the perimeter of a square 

cross-sect ion with sides equal to the width of the top and bottom 

wal ls . 

If the Mach number and pressure are known a t any point in the 

flow or i f the pressure i s known in the reservoir when J£« 0, then 

the pressure a t any point i n the nozzle can be determined by 

JU 
(15) JP. -[z+/y-/)/l£]r-' 

Yz-lz+O'-OM?} 

Therefore, a nozzle cam be designed to give speed greater than 

sound, and the Mach number and pressure a t any point can be calculated. 

The physical basis of the water channel compressible-gas analogy 

19 has been very thoroughly described by Preiswerk . A summary of the 

analogous re la t ionships between a two-dimensional compressible gas 

flow (^=2) and incompressible l iquid flow (water), i s given below 

Two-Dimensional Compressible 
Gas llow, y = 2 

Incompressible Liquid 
Flow, Water 

Temperature ra t io , -£ 
•e 

Density r a t i o , -^ 
fo 

Pressure ratio,, ^ j~ 

Velocity of sound, a.-

Mkch number, -£ 

Shock wave 

-u<eL 

Water depth r a t i o , d. 

Water depth ra t io , M~ 
do 

Square of depth r a t i o , (~T\ 

Wave velocity, Vo7 

number, 7p 
au l i c ;}ump 

18 

19 

Puckett, lo 

Pre!swerk, 
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Two-Dimensional Compressible Incompressible Liquid 
Gas Flow y ~ 2 Flow. Water  

Expansion Level drop 

Compression Level r i s e 

Expansion wave Depression wave 

Subsonic flow Streaming water 

Supersonic flow Shooting water 

Preiswerk has shown that the "method of charac te r i s t i es" i s 

20 applicable to water flow. He also developed the re la t ionships between 

conditions in front of tl e shock wave and behind the shock wave for the 

hydraulic analogy. This i s known as the hydraulic jump and may be de­

fined as an unsteady motion in which the velocity may strongly decrease 

for short dis tances and the water depth suddenly increase . 

In developing the theory, the assumption i s made that the water 

motion i s en t i re ly unsteady which indica tes tha t the water jumps suddenly 

along a l i n e from the lower water level to the level a f te r the jump. An 

addi t ional assumption to those previously made i s that the ve r t i ca l 

accelerat ions a t the free surface are negl igible compared to the accel­

erat ion of gravi ty , 3y t h i s assumption, the pressures a t any point in 

the f luid depend on only the height of the free surface above that point , 

For the water flow without a jump, the energy equation holds 

V*- 2^(clord) • (16) 

where d the t o t a l head i s a constant. After a hydraulic jump has taken 
o 

place, the to ta l head d i s smaller than d since nart of the k ine t i c 
°2 ° 1 , 

20 
Ibid, I , 57-63 



energy of the water i s converted into heat and i s treated as los t 

energy. For the flow af ter the jump, the energy equation again 

apnl ies and now "becomes 

\J^2^(doz-d) (17) 

To solve this equation for d , the new total head, use is made 
°2 

of the shock polar diagram to determine 7 , the water velocity 

behind the shock wave. 

The equation for the shock polar for the hydraulic analogy 

i s 

V2-~[a'-a^-u'-^7k-] da) 
By employing the shock polar diagrams and the equations 

given "by Preiswerk, conditions across a shock wave may he deter-

minded, 

When the analogy i s applied to the study of a i r flow, accurate 

quant i ta t ive r e s u l t s wil l not he obtained "because, for s t r i c t 

agreement "between water flow and gas flow, # must equal 2 .0 , 

whereas for a i r , # i s 1*^, A given pressure ra t io corresponds 

to a high mach number in a i r than in the f i c t i t i o u s gas with • " 2 .0 . 

The differences are not very l a rge , however, and the flow phenomena 

ohserved i n the water flow should he qua l i t a t ive ly the same as those 

occurring in the two dimensional compressible flow of a i r . 



EQUIPMENT 

The equipment used fo r t h i s p r o j e c t was a supersonic wind 

tunne l of the blow-down type and a water channel i n which the model 

was moved through s t a t i o n a r y wa te r . 

A g e n e r a l view of the supersonic wind tunne l i s shown i n 

Figure 1. 

The supersonic wind tunnel was supplied with a i r "by a 

B 1?o r thing ton" ten horsepower compressor operating a t a working pressure 

of 125 psi which was connected through approximately 150 feet of pipe 

to the storage tanks. Although there was a head loss due to con­

siderable length of pipe, i t gave the advantage of cooling the a i r 

heated by the compressor and allowing the moisture to condense out of 

the cooled a i r . 

The storage tanks consisted of a ^ .2 cubic foot tank and a 29.5 

cubic foot tank. Before entering the small tank, the a i r from the 

supply l ine passed through an o i l f i l t e r to remove any o i l which 

was picked up from the compressor. The small tank provided a 

reservoir for water which had been condensed out of the a i r , and the water 

could be drained between operations by a valve a t the bottom of the tank, 

The small tank also provided addit ional a i r storage to be used during the 

operation. The large tank had a spigot a t the bottom for the purpose 

of draining any water which might condense. 

The large tank was connected by a four-inch pipe to a high pressure 

balanced regulator valve which had a small regulator attached to i t for 

the purpose of adjusting the balance pressure across the diaphragm, 



The regulator could set from 10 psi to 100 psi with an accuracy of 

± 1 p s i . 

A quick-opening gate valve was attached to the exi t of the 

pressure regulator so that the four inch l i n e could be opened ful ly or 

closed instantaneously. This gave fu l l u t i l i z a t i o n of the stored 

a i r at the beginning of the run and prevented the lo s s of excess a i r 

a t the conclusion of a run. 

Immediately aft of the valve the wind tunnel commenced with a 

contraction section of re la t ive ly short length in order to prevent 

excessive boundary layer growth. This construction section reduced 

the four-inch c i rcular section to a minimum section of 0.8 inch X 0.5 

inch in a distance of 3-5 inches. This contraction was designed to 

give an approximately uniform veloci ty d i s t r ibu t ion with no boundary 
21 

layer separation a t the throat . 

Start ing with the above mentioned minimum section, the supersonic 

wind tunnel or nozzle (shown in Figure 2 and Figure *+) was designed by 

the method of cha rac te r i s t i c s , described in the theory section, to give 

a maximum wall angle of seven degrees and produce a flow of M = 1«99« 

The expansion section was three inches a f t of which was added a s t ra igh t 

section one and one-half Inches in length. After the nozzle was de­

signed, the boundary layer correction as explained in the theory section 

was applied from the minimum section to the end of the t e s t section, 

At the end of the tes t section, the a i r i s expelled into the room. 

21 
Tsien,H.S., "On the Design of the Contraction Cone for a Wind 

Tunnel," Journal of the Aeronautical Sciences. Vol. 10, February, 
19^3, PP^ 68-70. 



I 

For the purpose of ca l ibra t ing the flow speed and also 

observing the flow, three cones were constructed, having semi-apex 

angles of 7 .5 , 10, and 15 degrees. These cones had a maximum diameter 

of 0.25 inch and were mounted on st ings of 0.125 inch diameter. The 

cones and s t ings were turned down on a l a the out of quarter inch cold 

rol led s t e e l . The st ing was mounted in a wooden holder which could 

"be adjusted up and down and could be moved fore or aft on a metal channel 

running pa ra l l e l to the tunnel center l i n e and f ive inches "below the 

center l i n e . 

A schlieren system was used for visual iz ing the flow in the 

p lex ig lass enclosed tes t section. The l i gh t source used for the schlieren 

system was a *K)0 watt BH1 mercury vapor lamp, which received i t s power 

from an auto-transformer having a rated open secondary voltage of 270 

v o l t s . This lamp produced a l i ne of l i g h t approximately a quarter inch 

wide and five inches long. The lamp was mounted on i t s side in the 

center of an aluminum "box ten inches square and eighteen inches long. A 

s i l t of 3/16 inch width and 6*5 inches in length was cut i n one side of the 

box for the passage of l i g h t . This box was mounted on an adjustable 

stand to permit proper alignment of the l i gh t and s l i t to the opt ica l 

axiB of the system. 

The l i gh t then passed through two condensing lenses which narrowed the 

or ig ina l beam of l i g h t down to a width of l / l 6 inch and a length of 1.625 

inches. At t h i s point a very narrow s i l t one and one-half inches long 

was introduced to cut out a l l except the most intense l i g h t i n the center. 

This s l i t was located a t the focal point of a war surplus Kohad Aero 

Ektar, 13.5 inch, f/3«5 camera l ens . The l i g h t which passed through the 
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s l i t expanded to cover the lens and pass through I t . At approximately 

one focal length of th is lens , as can "be seen in Figure l f the t e s t 

section was located perpendicular to the opt ica l axis . !Ehe l i gh t rays 

passed through the t e s t section and continued to another lens iden t ica l 

with the one described a"bove hut reversed in d i rec t ion, This lens was 

located two focal lengths af t of the t e s t section as t h i s was found to 

he the minimum distance that would give a clear image of the t e s t 

section. This lens caused the l i gh t rays to converge again so that 

a t the focal length on the other side of the lens , the l i gh t had converged 

to a l i n e the same size as the or iginal s l i t . At t h i s point a knife edge 

was introduced to cut out the bottom half of the l ine of l i g h t . The top 

half continued to a "Speed Graphic" camera which was mounted a t a point 

where a clear image could he obtained with the lens removed. The camera 

used cut-film and the lens was removed so that the l i gh t shone d i rec t ly 

on the film. 

The whole schlieren system, l i g h t , lenses, e l l t , knife edge,and 

camera were mounted on a channel iron base so tha t the system could be 

moved in order to view any point along the tunnel. 

In order to obtain pressure measurements, openings one-half inch 

apart were placed in the lower wall from the minimum section to the exi t 

of the tunnel. These openings were connected to a multiple mercury 

manometer. The pressures were read from pic tures of the manometer 

taken while the tunnel was running. 

The water channel used for th i s project was of the type in which 

the water remained stationary and the model moved through the water, A 

general view of the water channel i s shown in Figure 3« 
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The water channel i s four feet wide and twenty feet long, 

having a'framework made of s t ructural s teel bolted together. The 

"bottom of the channel i s p la te glass one quarter of an inch thick 

and i s supported every t h i r t y inches by transverse members. The 

advantage of a g lass bottom i s for the purpose of underwater l igh t ing 

as well as providing a smooth surface for the models to s l ide upon. 

The legs of the channel were made adjustable; and by the use of a 

surveyor's t r ans i t , the bottom was leveled to *0.01 inch. A small 

T>ortion a t one end of the channel had a metal bottom which contained 

a drain. 

The model carriage i s made of steel tubing welded together 

and has two support arms bolted to i t which f i t into holes in the model 

and hold i t against the bottom of the channel r>r even ting any flow 

beneath the model. Th« carriage has four rubber t i r e ba l l bearing 

wheels which r e s t r a in the carriage from l a t e r a l movement, 

The c a r r i a g e i s pu l l ed by a 3/32 inch diameter convent ional 

s tee l a i rc ra f t cable. This cable i s operated from the pulley of a 

"Speed-Ranger" constant speed device powered by one-quarter horse power, 

single phase, a l ternat ing current motor. The "Speed-Ranger" device 

provides speeds from 0.5 feet per second to 3.5 feet -per second. A D. C. 

motor provides an a l t e rna te drive for higher speeds and extends the 

range to 5>5 feet per second. 

An observation platform with a control panel mounted on i t for 

operating the water channel i s located at the channel t e s t section. The 

observation platform gives access to the cameras as well as the controls 

so that any number of t e s t s can be run without leaving the stand except 
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to change the model. 

For the purpose of photographing the flow through the model, 

a camera was mounted d i rec t ly over the center of the channel in front 

of the observation platform, The best l igh t ing for photographing the 

overhead p ic tu res was to have a uniform white "background, achieved by 

placing tracing paper immediately under the g lass hottorn and then 

placing a white surface on the floor underneath th is section, l ight ing 

th i s white surface uniformly with photoflood l i g h t s . Also for t h i s 

set-up, a uniform overhead l ight ing was achieved by placing a screen 

overhead and shining photofloods on to i t . A single photo spot was 

then used to shine d i rec t ly at the center of the model and eliminate 

the shadows created "by the sides of the model. 

For photographing the local water depth along the model, a camera 

was mounted on the observation platform to an angle to prevent ob-

struct ion of the view "by the near side of the model. The l igh t ing 

for t h i s arrangement consisted of a photoflood located on each side 

of the camera directed towards the center of the model. 

The shutters of both the cameras were operated e l e c t r i c a l l y a t 

the correct time by a cam device mounted on the model carr iage . The 

cam tripped a microswitch which operated solenoids connected to the 

camera shutters* 

The exact speed of the carriage was determined by a timing device 

consist ing of a cam of known length t r ipping a micro switch connected 

to an e l e c t r i c clock. 

The model used for th i s project consisted of an exact reproduction 

of the wind tunnel section beginning with a port ion j u s t ahead of the 



contraction and continuing to the ex i t . The contours are shown in 

Figure ^ and Figure 9. The model was made in two pieces and joined 

overhead at the ends "by aluminum supports. One side of the model 

was made considerably lower than the other to permit photographing 

of the local water heights , 

The model was painted a f l a t black except for the 

ins ides which were painted a f l a t yellow to aid photographing. On 

the surface to he photographed a horizontal l i ne was inked one-half 

inch from the "bottom of the model for a reference l ine since the 

local water heights are scaled d i rec t ly from a photograph, Vertical 

l i n e s were also inked on the model a t various posi t ions from the 

minimum section to the ex i t . 
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PROCEDURE 

The fol lowing procedure was used to oh t a i n d a t a from the 

•supersonic wind t unne l : F i r s t , t he 400 watt mercury vapor lamp was 

turned on and allowed to warm for approximately twenty minutes . At t he 

eame t ime, the v a l v e s were opened from t h e compressor l i n e to a l low 

the tanks to f i l l up wi th a i r . This r equ i r ed f i f t e e n minutes i f the 

t anks were a t zero gauge p r e s s u r e , 

When the l i g h t had warmed s u f f i c i e n t l y , the camera was focussed 

and se t a t the proper speed. Then a s soon a s the tanks reached the 

r equ i r ed p r e s s u r e , the ga t e va lve was opened; and then al lowing 3 *° 

5 seconds for the flow to develop , the camera of the s c h l i e r e n system 

was t r i p p e d . The camera photographing the manometer hank was t r i p p e d 

when the mercury became steady and the s t a t i c t ubes r e tu rned to t h e i r 

p r ev ious h e i g h t , 

Since t h e whole wind tunnel could not be photographed a t one 

t ime by t h e s c h l i e r e n system, i t was then necessary to move the sy s ­

tem so t h a t t he o t h e r ha l f of the tunnel could be viewed. 

I n o b t a i n i n g d a t a from the water channel , the water h e i g h t 

i n the channel was ad jus ted f i r s t . The model was then a t t ached to the 

c a r r i a g e so t h a t i t moved a t a zero angle of a t t a c k . By vary ing the 

con t ro l on the "Speed-Ranger", t he proper speed was s e t . The appro­

p r i a t e l i g h t s were then turned on (depending on the p i c t u r e s be ing 

overheads or s ide shots ) a s desc r ibed i n the equipment s e c t i o n . By 

p l ac ing the c a r r i a g e i n a p o s i t i o n so t h a t i t s a t t ached cam j u s t 

depressed the camera micro switch, the camera could then be focussed. 
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The carriage was moved down the channel and the camera was 

tripped automatically. The time was also recorded automatically. 

The l i g h t s were then turned on for the overhead p ic ture end the 

camera se t . The same switches tripped the overhead camera and 

recorded the time, 
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DISCUSSION 

Considering the flow through the water channel model, i t can be 

seen from Figure 9 t h a t i n the r educ t ion s ec t i on no d i s t i n c t waves 

appear . There i s , however, a uniform d i s tu rbance r e s u l t i n g from e i t h e r 

v i b r a t i o n of the model o r c a p i l l a r y waves which have to be disregardeo*. 

M the minimum s e c t i o n , the water d e f i n i t e l y appears to become shoot ing 

water (M l ) . As the expansion begins , expansion waves a r e seen to come 

from each s ide of the model and form a c r i s s c r o s s p a t t e r n . The c r i s s ­

c r o s s p a t t e r n con t inues a s the curva ture i s changed and the model wall 

begins to s t r a i g h t e n o u t . The waves i n t h i s p o r t i o n s imulate shock waves 

and r e s u l t from the sur face t u rn ing aga ins t the f low. I t i s seen t h a t t he 

shock and expansion waves begin to cancel each o t h e r and there i s very 

l i t t l e of t he c r i s s c r o s s p a t t e r n i n the s t r a i g h t s ec t ion a t the end of 

t h e nozz l e . Expansion waves a r e seen to e x i s t i n the small v i s i b l e r eg ion 

of flow a t the e x i t . This r e s u l t s because the water a t the e x i t i s h ighe r 

than t he water i n the channel , t hus s imula t ing flow from a nozzle i n t o a 

r eg ion of lower p r e s s u r e . 

On the b a s i s of t he analogy p resen ted i n the theory s e c t i o n , the 

r a t i o of l o c a l p r e s s u r e to p r e s s u r e a t the minimum sec t ion was determined. 

This was c a l c u l a t e d d i r e c t l y , s ince for a compressible gas 

/° X =r 2-

Ti'n " <r< 
t h e r e f o r e , fo r water 

sL d. = fd) = t 
dt 4t (dj -ft 

3?he e i g h t s of t h e water a long the model were measured from Figure 10; 

and us ing t e above r e l a t i o n , the p r e s s u r e r a t i o s were c a l c u l a t e d and 



plot ted In Figure 23, 

A theore t ica l pressure ra t io curve for the nozzle i s also shown 

In Figure 23. This was calculated by f i r s t determining the theoret ical 

Mach number at any point on the basis of the area a t that po in t . The Mach 

number vs area i s p lot ted in Figure 21 , After determining the Mach 
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number, the pressure ra t io could he determined hy Equation 15 of the 

theory section. A plot of pressure vs Mach number i s shown in Figure 22, 

Considering now the measured pressure r a t i o curve for the water 

channel model in Figure 23, as compared to the theoret ical curre, i t i s 

seen that the pressure f a l l s very rapidly aft of the minimum section and 

i s a l i t t l e below the predicted value. At the point where the wall 

curvature begins to reverse, a disturbance i s indicated such as would be 

caused by a weak shock or Mach wave. Another disturbance i s indicated 

far ther down the model and i s evidently the r e s u l t of the upstream Mach 

wave from the other wall s t r ik ing a t th is point since In th i s region the 

wall I s s t ra ight and could not cause a disturbance. 

In order to determine the exact effect of the speed In the case 

of the water channel model while s t i l l maintaining a quarter inch of water 

a t the minimum section, the model was operated a t a speed of approximately 

M = 0.99. The flow of the water at th i s speed i s shown in Figure 11. 

There i s no indicat ion of expansion waves and Mach waves. The pressure 

r a t i o s calculated a t t h i s speed from Figure 12 are also shown in Figure 

23. From the p lo t , there i s seen to be an indicat ion of a local disturbance 

1.25 in . af t of throat even at th i s slow speed. This disturbance also 

causes a small disturbance downstream, th is must be a ref lec t ion since 

Cf. Ante, p.11 
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the wall i s s t ra ight a t that point and could not or iginate a disturbance. 

The second disturbance i s not as far down-stream as when the model was 

run fa s t e r . This i s the r e su l t of the wave propagating a t a lesser 

angle in the slower flow. 

Figure 5 shows a schlieren pic ture of the f lor in the wind tun­

ne l . The expansion waves and Mach waves can be eas i ly visual ized. A 

shock i s seen to be produced on each wall at the point where the wall begins 

to back against the flow. These shocks cross and are ref lected from the 

opposite wall at a distance of 0,8 inch from the ex i t . This i s as was 

predicted from the water channel model data, 

The r a t i o of the pressures measured along the wind tunnel are 

plot ted in Figure 23. Ifcr comparing Figure 5 with the plot ted pressure 

r a t i o s , i t i s seen that the f i r s t discontinuity i s caused by the shock 

coming from the wall and the second discontinuity occurs where the 

shock i s reflected from the wall and affects the flow aft of that po in t . 

By comparing the pressure r a t i o curves of Figure 23 for both the 

water channel model and wind tunnel model, i t i s seen that the trends of 

the two curves are the seme, thus indicat ing that very good qua l i t a t ive 

data can be obtained from the water channel. 

In an effort to obtain more quant i ta t ive data , red coloring was 

added to the water and a p ic ture was taken of the water channel model at 

r e s t . . This i s shown in Figure 8. From t h i s a meniscus of 0.0^ inch was 

measured. From photographs of the model moving, a meniscus of 0.02 

inch was measured at the throat of the model. I t was also observed that with 

the model moving there was l e s s meniscus along a wall with r i s ing water 

than along a wall with level flow and a greater meniscus along a wall 

with descending water than one with level flow. There was also lees 

meniscus along a wall turning away from the flow and more along a wall 

turning against the flow than existed along a s t ra ight wall. On the basis 
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of these observations and from study of the photographs where a white 

band ind ica tes the meniscus which was measured, the following meniscus 

corrections were decided upon and used; In the minimum section where 

the walls are ra ther s t ra ight and the water has been r i s i ng , a value of 

0.02 inch, which was the same as the measured value* In the expansion 

section where the water i s f a l l ing and the wall i s turning away from the 

flow, O.O3 inch* In the expansion section where the wall i s turning 

against the flow and water i s f a l l ing and in the t e s t section, 0.04 inch* 

Prom IPigure 6, i t i s seen that the large shock wave s t r ik ing the 

lower wall i s ref lected from the top of the boundary layer , !Phis confirms 

the procedure of using the "methods of charac te r i s t i cs" to design the 

section and then applying the boundary layer correction. Measuring the 

distance from Figure 6 between the ref lected shock and the well gives 

0.027 inch for the boundary layer thickness a t that point . The expansion 

added a t that point when designing the section was 0,06 inch; however, 

t h i s was to take account of the boundary layer on one of the side walls 

as well as that on the bottom wall . If the boundary layer , measured a t 

the bottom wall, i s considered to have the same magnitude on a l l sides 

a t that section, then the required expansion of the bottom wall would be 

0.064 inch. This i s a very close agreement with the amount applied. I t i s 

probable, considering tha t three surfaces are affecting the boundary 

layer along the bottom and top walls , that the boundary layer i s s l ight ly 

greater along these surfaces than along the side walls; hence, the boun­

dary layer correction applied i s more than suff ic ient . 

A small change from the contour designed by the "method of 

charac te r i s t i c s" resulted from the en t i re boundary layer correction being 

applied to the top and bottom walls . This change resul ted i n too much 
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expansion on the basis of the one-dimensional design procedure. In the 

basis of the theore t ica l area r a t i o , however, the proper expansion area 

was maintained, The wave produced by the cone in Figure 7 indica tes a 

flow of approximately M = 2.0, as desired; therefore, no error has r e ­

sulted by using th i s procedure in the design. 

The reasons for the di©continuity of the flow resulted from 

attempting to obtain a very short section to give M - 1.99; and as 

stated in the theory, the shorter a section, the more c r i t i c a l I t becomes, 

Also, when using the appropriate method to design the section, too 

abrupt a curvature occurred immediately a t the point of reversed curvature. 

On the basis of the data from both the water channel and the 

wind tunnel showing a local disturbance a t 1,25 Inches af t of the min­

imum section, the two models were modified. The modification consisted 

of f i l l i n g with a very thin layer of "Proxylin" putty a t a point where 

the curvature appeared to be too great . The two sides of each model 

were clamped together during the modification to assure symmetry of the 

walls . 

The flow in the water channel model a f te r the modification i s 

shown im Figure 16, The heights of the water along the model were 

taken from Figure 17, and the meniscus corrections as discussed were 

applied, A p lo t of the pressure r a t i o s found i s shown in Figure 24. 

The flow in the wind tunnel af ter the modification i s shown 

in Figures 18 and 19. The var ia t ion of pressure r a t i o s measured from 

the wind tunnel i s also shown in Figure 24, 

Considering Figure 24, i t i s seen that very close agreement 

has again been obtained, the difference in most cases being only the 

very small Y difference which i s shown by the two theoret ical curves. 
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Moving the points obtained from the water channel up or down a distance 

equal to the distance "between the two theoret ical curves will bring a 

majority of the points to coincide. I t i s thus seen that very good quan­

t i t a t i v e data can be obtained from the water channel model, 

I t i s seen that in a l l cases the phenomena observed from the 

wind tunnel model and the water channel model was iden t i ca l . At f i r s t 

when the two models were run, the seme disturbance occurred in both 

models. Repeatedly the r e s u l t s were ident ica l when the models were 

modified, showing that each of the models was ae sensi t ive to changes 

as the other . This demonstrated the application of water channel 

tes t ing of wind tunnel shapes as a preliminary step in supersonic wind 

tunnel design, 

On the bas is of the analyzed data, I t i s seen that quant i ta t ive 

as well as qua l i t a t ive data can be obtained from a wind tunnel section 

model placed in the water channel by the follow!ng procedure: 

(1) Obtain the heights of the water along the model. 

(2) Apply the proper meniscus corrections as described, 

(3) Calculate the pressure r a t io from the resu l t ing heights , 

(4) Calculate the theoret ica l pressure r a t io s for / - M and 

Vz 2 .0 . 

(5) Move the measured pressure r a t i o s up or down a distance 

equal to the spacing between the two theoret ical curves, depending 

upon the theoret ical curve for / = 2.0 being above or below the theoret ical 

curve for / = 1,4, 
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CONCLUSIONS 

( l ) The water channel p rov ides a r ap id and inexpensive means 

of t e s t i n g the pro-oosed des ign of a supersonic n o z z l e . A two-dimen­

s iona l model of ti e t h e o r e t i c a l des ign can "be cons t ruc ted and t e s t ­

ed to determine i f the flow i s a s d e s i r e d . The model can then "be 

a l t e r e d u n t i l the de s i r ed flow i s obta ined and then the r e s u l t i n g 

des ign used to b u i l d the a c t u a l tunne l . 

(id) The water channel i s most a p p l i c a b l e to the t e s t i n g of 

wind tunne l s s ince good flow i n a wind tunnel i s one d imensional , 

and the water channel i s most su i t ed for t h i s type of t e s t i n g , 

(3) The d i f f e r e n c e between the s p e c i f i c hea t c o n s t a n t s , 0 , 

for t i e two f l u i d s i s of minor impor tance . 

0 0 The a d d i t i o n of red co lo r ing a i d s i n photographing the 

water l i n e . 

(5) A schlieren system i s a very del ica te instrument, dif­

f i c u l t to a l ign properly and requires much more equipment than a 

single overhead camera as used by the water channel. 

(6) The schlieren system provides a much be t te r v isual iza­

t ion of the flow, 



KEOOMMENDkTIONS 

(1) Build the models by constructing the contour for one 

side and then replacing the center l i n e by a s t ra ight wall . This 

wil l reduce the problem of obtaining symmetrical walls and make i t 

easier to modify a model. 

(2) Apply boundary layer correction to a l l four walls 

of the wind tunnel ra ther than to the top and bottom walls only. 

(3) Extend the sides of the wind tunnel so that two-

dimensional flow i s maintained af t of the ex i t , as in the water 

channel* 

(4) A future project of i n t e r e s t would be to construct 

water channel models which will simulate the cross section of a 

rocket« The external and in te rna l flow of these models could be 

studied and also the in terac t ion of the two flows a t the ex i t . 
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FIGURE 8. SIDE PICTURE OF WATER CHANTXL MODEL STATIC 
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FIGURE 1 2 , CKAKNSL LiODEL BELO'7 DESIGNED S?EZD 
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FIGURE 13 

EXPANSION WAVE AND NOMENCLATURE 

FIGURE 14 

NOZZLE DESIGN CONSTRUCTION 
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FIGURE 15 

APPROXIMATE METHOD NOZZLE DESIGN CONSTRUCTION 
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FIG-TIRE 1 6 . CHANNEL MODEL AFT3H MODIFICATION 
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FIGURE 1 7 . CHANNEL liOJEL AFTER MODIFICATION 



FIGURE I S . SCHLHREN OF 7IKD TUNNEL EXPANSION AFT2R MODIFICATION 
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FIGURE 19* SCHLIEREN 0 ? AFT PORTION OF "'TO TIOTEL AFTER MODIFICATION 
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FIGURE 2 0 . SCHLISREN riCTURE WITH CONS AFTER ./.QDIFICATION 
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Figure 21 

Variation Of Mach Number With Area 
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Figure 22 

Variation Of Pressure Ratio With Mach Machine 
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Figure 23 

Variation Of Pressure Ratio In The Models 
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•Figure 24 

Variation Of Pressure Ratio In The Models After Modification 
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