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ABSTRACT 

The results of a study involving the unsteady flow of a viscous, 

incompressible fluid in the entrance region of rectangular ducts are 

presented. Both semi-analytical and experimental results for the time 

to reach steady state during flow initiation are presented for Reynolds 

numbers ranging from 680 to 63700 using water as the working medium. 

The duct Reynolds number used is the eventual steady state value, 

Re = p V D, /p. Comparison is made between eventual steady state 
S • S • u 

Reynolds numbers obtained experimentally and those values predicted by 

semi-analytical means for the same pressure and elevation changes. 

Tests were run with three different aspect ratios in the 

vertical test section. The aspect ratios were 7.8, 11.4 and 22.2 and 

the largest aspect ratio was assumed to approximate a parallel plates 

condition. In addition, results from a quantitative dye study during 

flow initiation are reported and compared with those results obtained 

with pressure transducers. A comparison of the experimental results to 

other investigators' studies is also made when applicable. 

The investigation revealed that the non-dimensional time 

required to reach steady state for an incompressible viscous fluid, 

starting from rest, increased as the duct Reynolds number was increased. 

Conversely, it was found that as the aspect ratio of the duct was 

increased, the non-dimensional time required to reach steady state 

decreased. Furthermore, the results at high Reynolds numbers (Re > 

25000) rather weakly indicate a possible increase in time required to 

xii 



reach steady state with position along the duct irrespective of the 

Reynolds number or aspect ratio. Results are presented for pressure-

time and pressure-position information of the transient flow field. The 

pressure at any given location was found to drop drastically upon initi

ation of flow, and then gradually increase to its steady state value. 

Velocity head data are also included for the higher Reynolds number 

flow. 

A quantitative dye study, based on high speed movie results, for 

the time to steady state showed excellent agreement with the results 

generated from pressure transducer measurements. A qualitative descrip

tion of the flow field during its transient response showed that the 

velocity-time relationship of the flow field was the complement of the 

transient pressure-time curve. 

The time required to reach steady state ranged from 260 milli

seconds to 1100 milliseconds depending upon the Reynolds number, aspect 

ratio, and position down the duct. Since steady state conditions were 

approached asymptotically, the exact time to steady state was difficult 

to obtain. An analysis of the reduction of data showed the results 

pertaining to this portion of the investigation to exhibit differences 

of the order of 10%. The non-dimensional time required to reach steady 

state as a function of the Reynolds number was found by an empirical 

2 -5 
curve fit to be of the following form: tv/D̂  = 0.70 + (0.61 x 10 ) 

-9 2 
x Re + (0.26 x 10 ) x Re with a root mean square deviation of T* data 

equal to 0.11 corresponding to a range of deviation of T* equal to 

+ 0.25. 



CHAPTER I 

INTRODUCTION 

The transient flow of incompressible fluids in ducts of constant 

area, but variable geometry, is of importance in many fields of engin

eering, including principally the hydrodynamic and nuclear fields. 

Nuclear reactors, in particular, utilize various geometries for coolant 

passages. Start-up and shut-down problems encountered in nuclear power 

installations, as well as other engineering applications of transient 

fluid flow, are difficult to analyze because of a serious lack of 

knowledge pertaining to fluid properties and general flow conditions 

during what could be a most critical phase of operation. 

The present investigation is among the first to study an 

incompressible, viscous fluid flowing transiently in the entrance region 

of rectangular ducts in which the flow starts from rest. This condition 

is frequently referred to as the "start-up" problem. The primary 

purpose of this study was to quantitatively measure the flow field for 

both laminar and turbulent flow as a function of time and position 

during the initiation of flow in rectangular ducts. 

The fundamental significance of solving problems involving 

transient flow phenomena is that such solutions provide a complete 

history of the flow field and allow for detailed interpretation of how 

steady state conditions were obtained, and why certain characteristics 

and phenomena dominate once steady state conditions do exist. 
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When studying steady fluid flow in ducts it is convenient to 

work with non-dimensional parameters such as the Reynolds number, which 

is a ratio of the inertial forces to viscous forces. However, during 

transient phenomena these forces are functions of time and are extremely 

difficult to measure as compared to their measurement in steady flow. 

Therefore, it is not convenient to use a transient type of Reynolds 

number as a non-dimensional parameter, although one could be defined. 

Since most transient studies include the steady state portion in their 

investigations it is more convenient to continue basing the non-

dimensional parameters on their steady state values. Other parameters 

such as non-dimensional pressures and velocities also fall into this 

category. One parameter conducive to being based on the transient is 

the non-dimensional time. It should be noted that three non-dimensional 

variables were held constant for this particular investigation. The 

non-dimensional duct entrance shape parameter, 6*, the non-dimensional 

total static head, H*, and the non-dimensional distance from the duct 

inlet to the established water surface head, SL*. The non-dimensional 

parameters used in this study are included in the nomenclature at the 

conclusion of this report, along with their definitions. 

The lack of knowledge of many transient flows has been caused, 

to some degree, by the complexity of the physical conditions under which 

such flows exist. As an example, measuring fluid properties of the flow 

field in the entrance regions of non-circular tubes, during the 

initiation of flow, is physically difficult to accomplish. Furthermore, 

the analytical description of such flows presents as many problems, if 

not more, than does the experimental. Many difficulties are encountered 
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even if the transient flow is simply hydrodynamic in nature. Nonethe

less, a study of the transient simple hydrodynamic flow of fluid in 

non-circular ducts would provide valuable information concerning flow 

conditions from which more complex studies may be made feasible. Also, 

"standard" techniques of investigation for unsteady flows of this type 

need to be established. Steady fluid flow in rectangular ducts is quite 

analogous to steady flow in circular tubes with respect to gross 

physical behavior. If the entrance is smooth such as in a bell mouth 

entrance and the fluid entering is supplied by a "reservoir", the 

velocity profile will be uniform at the entrance. As fluid progresses 

down the duct the profile will gradually develop until it attains a 

particular form and then continue in that form without changing. The 

portion of the duct in which the profile is developing is known as the 

entrance length. In the entrance length the velocity profile is a 

function of the axial position. Also, the pressure gradient changes in 

the entrance length, decreasing in magnitude as fluid moves down the 

duct. Once the entrance length is traversed flow is considered as 

hydrodynamically fully developed; the velocity profile remains constant, 

as does the pressure gradient, and is independent of the axial position. 

When the velocity profile is a function of time as well as posi

tion, the effect upon the entrance length is not really known. Nor is 

it clear exactly how the entrance length "develops" in the transient 

case. It appears that the normal definition of entrance length used in 

steady flow does not adequately describe the entrance length phenomena 

in transient flow, and therefore needs to be either re-defined or 

modified. 



The development of the velocity profile as it moves downstream 

is due to the shearing action of the fluid caused by friction at the 

walls. Normally, one thinks of the typical boundary layer growth 

starting at the duct entrance, where the velocity gradients are large, 

and "growing" until the boundary layer meets itself at the center line. 

In such cases there exists a central "core" of fluid, virtually 

unaffected by the shearing action which has as its boundary the outer 

surface of the boundary layer. This same concept applies to transient 

flow phenomena even if the entrance length variation is not known as a 

function of time. 

Another concept worthy of mention is the rate of creation of 

momentum. In steady flow through parallel plates (the limiting case of 

rectangular ducts) the velocity of the core flow increases, as the fluid 

moves through the entrance region, from a uniform value at the entrance 

to three-halves the bulk velocity value at the centerline once fully 

developed flow is established. This increase in momentum is caused by 

the fluid in the core having to accelerate (due to the velocity retarda

tion at the walls) in order for continuity to be satisfied at any cross 

section in the duct. In transient flow the transient momentum creation 

term is the most significant of the momentum terms, being much larger in 

magnitude than the steady momentum terms when flow is initiated. 

Creating this momentum causes the pressure to drop drastically. As flow 

begins to develop, the pressure and velocity influences become more 

significant, and the transient momentum term continually decreases. As 

steady flow is approached, the transient term becomes insignificant, and 

there is then a trade-off between the gravity, shear, and steady 
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momentum terms such that momentum and continuity principles are 

satisfied. 

The present study is principally an experimental investigation 

of the previously mentioned concepts and principles. The objectives of 

the investigation were: (1) determine the time to steady state for 

transient flow, starting from rest, in rectangular ducts for various 

Reynolds numbers and aspect ratios; (2) determine the pressure distribu

tion throughout the duct as a function of time and position; (3) obtain 

velocity "head" information for various Reynolds numbers and aspect 

ratios once steady state conditions were established. The following 

assumptions were considered to apply for this investigation: 

1. Two-dimensional flow in the test duct 

2. Boundary layer assumptions apply 

3. The entering velocity is uniform over the entire cross section 

of the duct, but a function of time 

4. Transverse pressure gradient is negligible 

5. Fluid is Newtonian 

6. Incompressible, constant property flow 

This report describes the investigation and discusses the 

results obtained by analytical as well as experimental means. A 

comparison to other investigators' results is also made when applicable. 

Unfortunately, only limited work in this particular field has been 

accomplished as brought out by the discussion in the next chapter. 

Subsequent chapters will describe the experimental apparatus 

utilized during the investigation and the procedures followed in 

obtaining data. The reduced data will then be presented and discussed 
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with respect to the objectives of the investigation and existing 

results. Conclusions will be drawn from the results and recommendations 

made pertaining to further transient studies of the present type. 



CHAPTER II 

PREVIOUS INVESTIGATIONS 

Many fluid dynamic investigations require knowledge of the 

velocity and pressure field over an extended region of space for a time-

dependent flow. Consequently, investigators have employed various 

techniques, usually visual, to observe the qualitative features of many 

complex flow patterns, and to determine the limits of such flow regimes. 

Most techniques used were limited in that only qualitative information 

concerning the flow field could be obtained. Also, the interpretation 

of results for unsteady flows, in particular, are difficult and present 

additional problems. The latter point was clearly made by Hama (1962) 

who showed that erroneous transient results can be deduced from dye 

injection methods if extreme care is not exercised in the interpretation 

of results. 

However, in order to gain a thorough understanding of the 

behavior of unsteady boundary layers and wakes in fluid flow, quantita

tive information concerning the flow field itself is essential. Most 

progress that has been accomplished in this area has been made by means 

of numerical computations, J. E. Fromm (1963), F. H. Harlow and J. E. 

Welch (1965), and F. H. Harlow, J. P. Shannon and J. E. Welch (1965) 

contributing much in this respect, rather than through the traditional 

combination of experimental and mathematical analysis. The previous 

fact is due to the complexity associated with unsteady flows. Thus, the 
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importance of carrying out experiments which test the validity of these 

numerical calculations and provide basic quantitative information 

concerning unsteady flows is clear. 

The steady flow development in the entrance region of ducts has 

been investigated since 1922 when Schiller (1922), using an integral 

representation of momentum conservation principles, studied flow in the 

entrance region of a circular tube and a parallel plate channel. The 

majority of the studies in flow development since that time have also 

treated steady, laminar flow. As of this date only limited specific 

cases of transient entrance region studies have been conducted to obtain 

time dependent information pertaining to that portion of the flow field. 

Since the limiting case of the present study encompasses steady 

flow phenomena a brief review of the pertinent steady flow studies and 

methods of solutions may be in order prior to a discussion of the few 

transient cases to be cited. 

One of the earliest entrance length hydrodynamic solutions was 

obtained by Schlichting (1934) in a study of parallel plates. 

Schlichting integrated the boundary layer equations downstream from the 

entrance and joined the solution with one obtained by integrating in the 

developed region. He thus smoothly joined two asymptotic series solu

tions to represent the complete flow field. 

Due to the non-linearity of the Navier-Stokes equations, repre

sented by the inertia terms, the equations are mathematically difficult 

to solve. To approximate the physical situation and still obtain a 

mathematical solution for the entire flow field the inertia terms are 

often linearized. Langhaar (1942) obtained a solution to the Navier-
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Stokes equations for the steady flow entrance length of a straight, 

circular tube by such an approximation. Han (1960) applied the same 

method and obtained entrance length information for rectangular ducts. 

An improvement over the previous methods for determining the 

pressure drop in the entrance region of ducts was presented by Lundgren, 

Sparrow and Starr (1964) upon completion of an analytical study. They 

devised a method for determining entrance length information from known 

fully developed velocity profile data. Later that year Sparrow, Lin and 

Lundgren (1964) compared the results of this method to existing experi

mental data and previous analyses, concluding that the method gives 

comparable results. 

The method most frequently used today for solving steady flow 

entrance length problems, due to availability of high speed computers, 

was developed in the early 1960's. Bodoia and Osterle (1961) investi

gated flow development characteristics for Poiseuille and Couette flows 

by a finite .difference numerical technique. The results, although an 

approximation and not an exact solution, gave better analytical agree

ment for Poiseuille flow than did Schlichting's approximate analysis. 

Collins and Schowalter (1962) gave further support to finite difference 

methods by showing that the boundary layer solution (Schlichting's) 

could be made to approach the finite difference solution if more terms 

than had previously been retained were used in the appropriate 

expansions. 

As mentioned, transient flow investigations in the entrance 

region of ducts are limited. A literature review indicates that one of 

the first transient entrance length studies was conducted by Atabek 
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(1962) while investigating oscillatory laminar entry flow in tubes. 

Atabek linearized the Navier-Stokes equations, thus allowing an exact 

solution to be obtained. He studied the case of a viscous fluid 

starting from rest in which the velocity distribution at the entrance 

cross section was assumed a known function of time and radial coordi

nate . 

Pearson and Serovy (1967) solved the transient Navier-Stokes 

equations numerically for the entrance region of suddenly accelerated 

parallel plates. Their work differed from the present study in that 

they present the solution for a constant flow rate, and considered the 

parallel plates to be semi-infinite in length. Included in their report 

is a review of several previous investigations using other techniques 

for solving time-dependent problems. The same year Rogge and Young 

(1967) studied transient flow in tubes and parallel plates in which the 

discharge through the channel as a function of time was designated. 

However, their case involved a spatially fully developed unsteady flow. 

The results showed good agreement for small times between the exact 

solution of the Navier-Stokes equations and approximate solutions by an 

integral-momentum technique. 

A solution to the problem of flow starting from rest in an 

infinitely long pipe is mentioned in Schlichting's (1968) book on 

boundary layer theory. He indicates that F. Szymanski (1932) solved the 

problem for a fluid initially at rest, then set in motion by impressing 

upon it a pressure gradient which was constant with time and space. 

This author has altered the same problem to meet the requirements and 
ft 

geometry of the present investigation, still maintaining the assumption 



of an infinitely long channel (here parallel plates), and obtained the 

corresponding solution which is presented in Chapter V. The present 

results clearly indicate that the assumption of a time-independent 

pressure gradient is not correct. It has recently been called to the 

attention of the author that Fuller (1968) has solved the suddenly 

accelerated flow problem between parallel plates in which the fluid 

flows between the plates at a constant volume flow rate. He compares 

the constant flow rate solution to existing solutions in which the 

pressure is considered constant, rather than flow rate, and concludes 

that the former solution gives much shorter times to steady state. 

Y. D. Wadhwa and T. W. Wineinger (1968) developed a general 

method for solving linear unsteady fluid flow problems through closed 

conduits. They presented a solution for transient flow through a 

circular tube with an arbitrary time-dependent pressure gradient. They 

obtain the linear differential equation by solving for the fully 

developed case. 

A study, closely related to that of the present, was conducted 

by Avula and Young (1968) using circular tubes. They analytically 

(utilizing integral-momentum analysis) and experimentally studied the 

motion of an incompressible, viscous fluid, initially at rest and 

rapidly set in motion under a constant head, in the entrance region of 

horizontal tubes. Their comparison of the analytical and experimental 

results indicated good agreement for small times, but large discrepan

cies at large times. A more detailed description of suitable 

experimental techniques used for studying unsteady flow problems of the 
% 

type considered in this investigation is included in Avula's (1968) 



dissertation work. Comparison of his results with the present results 

will be made in Chapter VI. 

In summary it is seen that few studies have been completed for 

the problem of flow initiation in a duct. Avula's work is the study 

most related to the present one and his results are limited to a 

Reynolds number of either 700 or 1610. 



CHAPTER III 

EXPERIMENTAL APPARATUS 

The apparatus used in the investigation is shown in Figure 3.1. 

The principal components include the test channels, releasing mechanism, 

supply and receiving reservoirs, flow system, and pressure measuring 

system. Equipment and instrumentation utilized in obtaining data 

included two Statham strain-gage type pressure transducers, Sanborn 

carrier preamplifiers, Sanborn 154 (4 channel) recorder, Tektronix Type 

533 oscilloscope and camera, Tektronix Type 564 storage oscilloscope, 

and a Fairchild high speed 16 mm. motion analysis camera. A complete 

listing of the equipment and instruments utilized during this investiga

tion along with their accuracies is included at the end of this chapter. 

3.1 Test Channels 

The actual test ducts, shown in Figure 3.2, were made from .four 

one-quarter inch thick plexiglas sheets that were formed at a prescribed 

temperature in order to obtain a smooth rectangular bell-mouth entrance. 

Each piece of the duct, with its bell-mouth portion, was formed individ

ually using a hard wooden mandrel to obtain the same radius of curvature 

for each piece (see Figure 3.3). Extreme care had to be taken in 

obtaining the optimum forming temperature in order to eliminate cracking 

and/or wrinkling of the plexiglas as it was formed. Making the entrance 

portion out of the same piece as the main duct eliminated any possibi

lity of discontinuities resulting from a mating of two sections near the 

13 
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Figure 3.2 Rectangular Test Channel with pressure Tap Fittings 
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entrance, and therefore resulted in a smoother entrance. The edges of 

each piece of the duct were then milled at a 45 degree bevel to allow a 

continuous rectangular mating of the four sides and curved sections. 

The pieces were actually "welded" together with plexiglas cement 

commonly known as methylenedichloride. The test channels were 

constructed of plexiglas instead of brass or aluminum for two principal 

reasons. A flow visualization study was planned as part of the investi

gation, which necessitated a visual view of the entire flow area. Also, 

the constructing of the bell-mouth entrance as an integral part of the 

test channel was more easily accomplished by forming plexiglas than by 

forming a metal. 

A vertical test channel was chosen over a horizontal one 

primarily because it simplified the analytical portion of the investiga

tion. With the test channel horizontal the transverse momentum equation 

did not "drop-out" under the normal boundary layer assumptions due to 

the presence of a varying body force (a liquid was used in the investi

gation). However, with the test channel vertical there is no transverse 

body force and the transverse momentum equation under the boundary layer 

assumptions need not be considered. 

Pressure tap holes 0.032 inches in diameter were drilled along 

the length of the duct for pressure measurement. There were 12 holes 

along the length of the test section, six of them placed a quarter of 

the distance from the left wall, and the remainder placed a quarter of 

the distance from the right wall. The pressure taps were placed closer 

lengthwise near the entrance of the duct than in the downstream region 

to measure the more rapidly varying pressure occurring there. From the 
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one-thirtysecond inch diameter holes, the outside of the plexiglas was 

drilled and tapped for one-eighth inch pipe fittings which accomodated 

the Statham transducers. The exact position of each tap is included in 

Table 3.1. A Gaertner precision cathetometer was used in obtaining the 

exact position of the holes using the first pressure tap as zero refer

ence. This tap was located at the completion of the curved rectangular 

bell-mouth entrance section. 

The end of the duct included a porous plug, the controlling 

mechanism for various Reynolds number flow, fitted over the end of the 

test section and across the entire cross section in such a manner that 

atmospheric conditions for the fluid were reached immediately upon 

passing through the plug. 

Because of vibration of the plexiglas duct walls during 

transient runs, it was found necessary to cement horizontal plexiglas 

braces along the outside of the test section across its width. The 

vibration of the plexiglas walls of the test channel during transient 

runs was principally a structural problem. With the channel and supply 

reservoir filled with water there was a force on the order of 240 pounds 

pushing on the inside walls. This force caused the walls to "bow" 

outward a few thousandths of an inch. When the plug was released, 

allowing a creation of momentum, the pressure dropped, relaxing the 

amount of force pushing on the plexiglas wall. This relaxation resulted 

in a restoring of the plexiglas to its "original" form. However, as the 

pressure started increasing from its peak drop to its steady state 

value, the force on the inside walls was increased accordingly. This 

sequence of occurrences served as a forcing function in starting the 



TABLE 3.1 

distance of pressure taps dom 
rectangular channels 

Pressure Cathetometer Cathetometer Distance from 
Tap # reading reading reference 

(cm) (inches) Tap # 1(inches) 

1 92.185 36.293 0.000 

2 90.930 35.779 0.494 

3 89.680 35.307 0.986 

4 87.095 34.289 2.004 

5 82.025 32.293 4.000 

6 76.925 30.285 6.008 

7 71.855 28.289 8.004 

8 66.825 26.309 9.984 

9 61.700 24.291 12.002 

10 56.495 22.242 14.051 

12 36.260 14.275 22.018 

(1) Vertical distance from pressure tap hole to PM399TC 
pressure transducer diaphragm = 2.025 inches 

(2) Vertical distance from pressure tap hole to UGP4-2 
pressure transducer diaphragm = 2.107 inches 



motion of the walls which vibrated at their natural frequency of 

approximately 8 cycles per second. Since the fundamental frequency of 

the transient curve was one cycle per second, the additional disturbance 

had to be eliminated. This problem would have undoubtedly been elimi

nated altogether had the test channel been constructed of a metal 

instead of plexiglas. Various braces were placed between pressure tap 

holes for the entire test section length of two feet. In addition, 

vertical thickness braces, covering the 45 degree beveled edges, were 

required over the corners of the duct after repeated "splitting" of the 

beveled sections occurred due to the external bracing. Cemented 

sections of plexiglas are fairly weak when placed in shear, and with 45 

degree bevels forming the rectangular section, much of the cemented 

portion was under considerable shear stress when the test channel was 

filled with water. 

Three different aspect ratio ducts were utilized in the investi

gation. Aspect ratio is defined as the ratio of width to depth of the 

duct. A 22.2 aspect ratio duct was made as described above with a width 

of 10.09 inches and a thickness of 0.455 inches. It was located geomet

rically in the center of the supply reservoir, to allow a symmetrical 

entrance of the fluid being supplied by the reservoir into the channel. 

The 11.4 and 7.8 aspect ratio ducts were made by inserting appropriate 

sections of plexiglas (0.455 inches thick) down the duct against one 

edge, effectively blocking off that portion of the original duct, 

forming a "new" channel of lesser width but the same length and thick

ness. A special entrance piece was then made, shown in Figure 3.4, such 

that the effective rectangular bell-mouth entrance was still maintained. 
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Figure 3.4 Special Entrance Piece for Maintaining Bell-Mouth Shape at 
Entrance to Various Ducts 
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Even though this did effectively change the geometrical location of the 

duct with respect to the supply reservoir, it was concluded that the 

entrance profile into the channel was unaffected due to the large area 

ratio that existed between the reservoir and duct. This is further 

discussed in Section 3.3 of this chapter. The dimensions of the three 

ducts are included in Table 3.2. 

3.2 Releasing Mechanism 

It is of considerable importance in studying the "start-up" 

problem experimentally that the releasing mechanism used for initiating 

the flow react much more quickly than the fluid medium used, in order to 

experience a true start-up of the fluid. The releasing system used in 

this investigation was a basic piston-cylinder, operating under a 

vacuum, to which was attached a four bar linkage firing mechanism as 

shown in Figure 3.5. A vacuum is pulled in the cylinder with the four 

bar linkage just across dead center of the piston rod. An Allied Elec

tronics A. C. intermittent solenoid, connected to the linkage, is then 

energized pulling the linkage across dead center, allowing the piston to 

fire as demonstrated in Figure 3.6. The piston rod is connected to an 

RTV rubber plug placed in the end of the channel'. As the piston fires 

the plug is released, allowing the initiation of flow. The distance of 

travel of the piston is controlled by the four bar linkage. The acceler

ation of fire is directly prpportional to the amount of pressure in the 

cylinder. With a pressure of approximately 2 pounds per square inch the 

piston has an acceleration on the order of 4000 feet per second squared, 
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TABLE 3.2 

DIMENSIONS OF VARIOUS ASPECT RATIO 
RECTANGULAR DUCTS 

Aspect 
Ratio 

Length 
(inches) 

Width 
(inches) 

Thickness 
(inches) 

Hydraulic 
Diameter 
(feet) 

Cross 
Sectional 
Area (sq.ft.) 

7.80 23.588 3.538 0.455 0.0672 0.0112 

11.40 23.588 5.200 0.455 0.0705 0.0168 

22.2 23.588 10.090 0.455 0.0726 0.0319 
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more than 100 times that of free falling water, for a distance of 

approximately four inches. 

A two inch piece of foam rubber was used as a cushion inside the 

cylinder for stopping the piston, and for absorbing the shock of such a 

sudden deceleration. In addition, the base of the piston-cylinder 

support system was placed on a three-quarter inch piece of Neoprene 

rubber gasket material to minimize the possibility of transferring 

vibration back through the floor to the main support framing system of 

the reservoirs and test section. 

The pressure in the cylinder was reduced by use of a Welsh 

Scientific Duo-Seal vacuum pump. 

The umbrella shown in Figure 3.5 was used to divert the water, 

flowing out of the duct, into the receiving reservoir without getting 

water on the piston-cylinder mechanism directly below. The actual 

rubber plug was attached to the top portion of the umbrella. The plug 

was formed in a mold using RTV 630 Liquid Rubber. The rubber has a very 

high tear strength, tear (dye D) 100 pounds, while still being very 

flexible in the cured state. It was placed in a vacuum prior to molding 

to eliminate the presence of air bubbles. The curing time was approxi

mately twenty-four hours. In order to allow for fine adjustments and a 

tight fit of the plug into the channel, the umbrella was connected to 

the piston rod by means of a threaded screw adapter. Various geometries 

for the rubber plug were tried as stoppers for the water flow, the most 

effective being one which protruded slightly into the inside cross 

section of the test channel. 
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High speed motion pictures of the releasing mechanism were taken 

with a Fairchild 16 mm. Motion Analysis Camera running at approximately 

1000 frames per second. The resulting films showed that the rubber plug 

was released and completely free of the test channel in less than six 

milliseconds. A typical transient response took on the order of 400 to 

800 milliseconds to reach steady state. In addition, the film showed 

the plug to be free of the test channel before the water started to flow 

from the channel, verifying the assumption that flow initiated 

"cleanly". 

3.3 Supply and Receiving Reservoirs 

The supply reservoir, built to serve also as a calming chamber 

in steady flow, was constructed of one-quarter inch thick plexiglas 

sheets. It was 34.25" x 33.375" in cross sectional area and two feet 

high. Figure 3.7 shows the major components. They consisted of remov

able "false" walls, a honeycomb section four and a half inches thick, a 

perforated splash plate, and a supply sprinkling system. The base of 

the reservoir was constructed of 0.625" plexiglas into which was milled 

a "recessed" 4" x 11" hole for mating of the test channel as shown in 

Figure 3.8. In order to minimize physical motion of the reservoir, and 

lend it support, braces were placed around the outside of it. In addi

tion, the complete base of the reservoir was laid in a liquid plastic 

elastomer (Adiprene) which was cured for two days at room temperature. 

The elastomer acted as a bonding agent between the reservoir base and a 

0.625" thick aluminum slab which was part of the main frame support 

system. 
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Filtered water was introduced into the supply reservoir by means 

of a typical fire "sprinkler head", allowing a uniform dispersion of 

water over the entire surface area inside the reservoir to allow for the 

possibility of steady state runs. A one-quarter inch thick perforated 

splash plate was located six inches below the sprinkler head so as to 

receive the incoming water without disturbing to a great extent the 

established water head. From the splash plate the water "trickled" onto 

the water surface of the established head. Located six inches below the 

splash plate was a honeycomb section for laminarizing and smoothing out 

the flow before entering the test channel. The honeycomb was made of a 

nylon fiber/phenolic resin material donated by Hexcel of Casa Grande. 

It had a length to diameter ratio of 21:1, assuring a smooth laminar 

flow at its exit. The cell diameter was 3/16" with a wall thickness of 

0.003 inches. The honeycomb was located approximately six and a half 

inches from the entrance to the test channel, far enough away such that 

dye studies showed its presence did not affect the velocity profile of 

the fluid as it approached and entered the bell-mouth entrance of the 

test channel. 

The cross sectional area ratio of the supply reservoir to the 

test channel was 250:1. With such a large ratio the assumption of a 

constant head for the transient flow cases is well founded. With an 

original head of 13 inches, and a typical transient time of 350 milli

seconds for a Reynolds number equal to 2500, the drop in head in the 

supply reservoir was approximately 0.007 inches or 0.05% of the original 

head. 
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A dye study was conducted, prior to actual test runs, to verify 

that the fluid from the honeycomb to the entrance of the test section 

was smooth and laminar in nature. The results were quite favorable for 

both transient and steady state runs. 

The receiving reservoir was located directly below the test 

channel and had the same volumetric capacity as the supply reservoir. 

It was made of one-quarter inch aluminum slabs heliarc welded into a 

"box" and painted with marine paint to eliminate contamination of the 

water by oxidized aluminum. 

The supporting structure shown in Figure 3.9, housing both the 

supply and receiving reservoirs, was built of one-quarter inch cold 

rolled steel angle. A frame was constructed for the supply reservoir, 

onto which was placed a 5/8" thick 34.5" x 33.5" aluminum plate (the 

plexiglas base of the supply tank lying on it), supported by four legs 

constructed of steel pipe four feet long. At the base of the legs two 

inch steel angle, 1/4" thick, was welded around and between the legs. 

These served as structural supports for the long legs, and as the base 

onto which the receiving reservoir was placed. The two foot test 

section was supported at the bottom by pressing two inch angles against 

its front and back surface. These angles were anchored into cross 

members which were bolted to the pipe legs. 

3.4 Flow System 

The flow system was built to run both transient and steady state 

tests in either an open or closed water loop. A flow diagram of the 

system is shown in Figure 3.10. Tap water entered the system and was 
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filtered through a Cuno Type IM Micro-Clean filter using class 1 micron 

cartridges. After passing through the test section and into the 

receiving reservoir it could then be pumped directly back into the 

supply reservoir, and/or into a "standby" reservoir, and/or directly to 

a water drain. The various paths are represented for reference in the 

flow diagram. An Oberdorfer centrifugal pump rated at 26 GPM at 12 feet 

of head was used with a Westinghouse one-third horsepower motor for 

pumping the water through the system. Two Fisher and Porter variable 

area flowmeters were installed in the line for measuring steady state 

flow rates. 

The flow rate through the test duct for all runs was controlled 

by means of a porous plug located at the exit of the test channel. The 

thickness of the plug was varied in accordance with the desired steady 

state Reynolds number flow. The majority of the tests were conducted 

using sintered bronze material, ranging from one-eighth inch to 

one-quarter inch in thickness, as the porous medium. The sintered 

bronze was manufactured by the Asco Sintering Corporation in Los 

Angeles. For the high Reynolds number runs (Re greater than 25000) fine 

copper wire cloth with a mesh approximately equal to 210 was used in 

place of the sintered bronze as the porous plug medium. 

3«5 Pressure Measuring System 

The pressure sensing devices were two strain gauge pressure 

transducers manufactured by Statham Laboratories, Inc. The reference 

transducer, used for checking reproducibility of runs at given Reynolds 

numbers, was a model UGP4 pressure accessory unit used in conjunction 



with a UC3 universal transducing cell. It has a frequency response of 

approximately 35 to 40 cycles per second with a pressure range of + 2.5 

psig. The reference transducer was located at tap #10 approximately 14 

inches from the channel inlet. The actual testing transducer was a 

model PM399TC differential pressure transducer with a frequency response 

of 150 cycles per second and a pressure range of + 2.5 psig. Both 

transducers consisted of a thin metallic diaphragm with a fluid chamber 

on the one side and a full strain gauge bridge bonded on the other side. 

The transducers were connected to a one-eighth inch close nipple. 

Basically, the principle of operation is such that a pressure change in 

the fluid chamber causes a change in the strain gauge bridge, producing 

an electrical signal proportional to the pressure change. 

The output signals from the strain gauges of the transducers 

were amplified with a Sanborn carrier preamplifier, then recorded on 

separate Tektronix oscilloscopes equipped with Polaroid cameras. In 

order to eliminate as much A.C. noise and random pickup as possible from 

the oscilloscope output, simple RC filters were constructed and used 

between the amplifiers and the oscilloscopes for eliminating A.C. 

signals above 30 cycles per second. It should be noted that the results 

of a Fourier analysis conducted on the basic transient curve were not 

adversely affected by the RC filter. The fundamental frequency of the 

transient curve was found to be 1 cycle per second. All amplitudes 

after the 10th harmonic, 10 cycles per second, in the Fourier analysis 

were considered insignificant in contributing to the form of the 

transient curve. The maximum frequency response of the carrier preamp

lifiers was 2400 cycles per second. 



All static pressure conditions before each firing were recorded 

on a Sanborn 154 four channel recorder as a check of the static value 

read on the oscilloscope, and as proof of reproducibility in obtaining 

the same water head for a given series of Reynolds number runs. The 

recorder was then checked after each test to detect the presence of any 

hysteresis that may have occurred in the transducers. 

As mentioned in Section 3.1, the pressure taps were not 

centrally located with respect to the width of the channel for all 

aspect ratio ducts. However, with the assumption that the boundary 

layer approximations apply for flow in this investigation, the pressure 

gradient transverse to the two short sides of the duct was zero and the 

corresponding pressure therefore constant at any axial location. The 

pressure reading at any axial location was then independent of the posi

tioning of the tap along the width of the duct. 

3.6 Transducer Calibration System 

The pressure transducers were calibrated by means of a four foot 

graduated cylinder marked with 1.0 inch increments along its length. 

The cylinder was 1.25 inches in diameter with a pressure tap hole 

one-thirtysecond of an inch in diameter. The brass fittings from the 

tapped hole were the same in both structure and distance as those 

constructed throughout the test channel. The instrumentation was the 

same as that used for actual test runs. The details of the calibration 

procedure are presented in Chapter IV, but a diagram of the system is 

included in Figure 3.11 for reference. 
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3.7 List of Equipment and Instruments Used 

The equipment and instrumentation utilized in conducting the 

present investigation is as follows: 

1. Statham differential pressure transducer, Model PM399TC — + 2.5 

psi differential; maximum + 5 psi differential. Accuracy: 

non-linearity and hysteresis less than +1% up to 2.5 psi; 

frequency response 150 cps. 

2. Statham pressure accessory, Model UGP4-2 used in conjunction 

with a Statham universal transducing cell, Model UC3 — this 

transducer used as reference transducer. Accuracy: non-linear

ity and hysteresis less than 0.15% up to 2.5 psi; frequency 

response flat + 5% up to 60 Hz. 

3. Sanborn carrier preamplifier, Model 150-1100. Accuracy: 

frequency response load components from zero to 100 cycles; rise 

time 5 milliseconds; drift of coupled recorder less than 0.1 

millimeter of baseline drift per hour. 

4. Sanborn power supply, Model 150-400. Accuracy: rise time 5 

milliseconds. 

5. Sanborn 154 recorder (4 channel), Model 154-100BP, using Sanborn 

recording permapaper. Accuracy: sensitivity is 10 milliamperes 

per centimeter deflection; with unit step input, the record 

shows zero overshoot, and 80% of final deflection reached in 

first 10 msec; rise time is 13 milliseconds; galvanometer error 

is less than +0.25 mm. over central four centimeters. 

6. Type 533 Tektronix oscilloscope with a Type 53/54C plug-in dual 

trace unit. Accuracy: accurate within 3% of full scale; 



approximately 24ns risetime at line frequency. Connected to the 

scope was an oscilloscope camera, Model C-12. 

7. Type 564 Tektronix storage oscilloscope with a Type 3A1 dual 

trace amplifier plug-in unit. Accuracy: accurate within 3% of 

full scale; 5 us risetime at line frequency. Connected to the 

scope was a DuMont oscilloscope camera Type 353. 

8. Fairchild high speed 16 mm. motion analysis camera, Model 

HS101A. Used with this camera was an HS502 green motor, and two 

HS504-A1 red motors. 

9. Fairchild Model HS10500-F timing light generator with 10, 100, 

and 1000 cycles per second capability. Accuracy: better than 

U .  

10. Fairchild high speed motor control, Model HS5101B. 0 to 100 

volt range — used with a Fairchild solenoid connector Serial 

Number 202D for synchronizing the two red motors. 

11. Oberdorfer centrifugal rubber impeller pump, Model 4G-1P409; 1/3 

HP; 3450 RPM, rated 26 GPM at 12 feet of head. 

12. Westinghouse 4k941 motor, 1/3 HP; 3450 RPM. 

13. Sintered porous bronze, grade 100 type P133-100 from Asco 

Sintering Corporation, Los Angeles, California. 

14. Cuno Micro Clean filter, Model 121 with 1 micron type 2278-B3 

filter cartridges from Fluid Conditioning Company, Phoenix, 

Arizona. 

15. Brass wire cloth (meshes 24, 50, 100, 210) from DuCommun Metals 

and Supply Company, Phoenix, Arizona. 
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16. Allied Electronics 41F7914 A.C. solenoid, intermittent 115V, 1.7 

ohms, 2.7 amps; max. stroke 1.5"; max. lift 800 oz. 

17. AC filter - RC filter used as input into scopes from preampli

fiers. The filter cut out any A.C. signal above 30 cps.; 

R = 22000 ohms, C = 2pf. 



CHAPTER IV 

EXPERIMENTAL PROCEDURES 

4.1 Instrumentation 

The instrumentation required for the acquisition of data for the 

transient flow of water in a rectangular duct was principally concerned 

with pressure measurement. The pressure versus time information was 

obtained by photographing the output of an amplified D.C. signal from a 

strain gauge pressure transducer off a Tektronix Type 533 oscilloscope. 

The static hydrodynamic pressure head for each run was obtained by three 

methods. The Tektronix oscilloscope was calibrated so as to read the 

height of head directly in volts. A Sanborn 154 four channel recorder, 

utilizing calibrated galvanometers, recorded the static head in centi

meters of deflection. The third method utilized the manual reading of a 

graduated stainless steel scale placed against the supply tank and 

marked in 1/16 inch increments. The calibration of the transducers by 

both the oscilloscope and Sanborn recorder permitted a comparison to be 

made of the static hydrodynamic values obtained during the actual 

testing. So many variables were involved for each particular run in 

determining property trends, and flow conditions existing in the 

transient case, that correlations for any individual parameter were 

difficult to ascertain. For this reason, it was desirous to at least 

start each transient run with as nearly as possible the same initial 

conditions with respect to hydrostatic head. An attempt was thus made 
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to obtain the same hydrostatic head by filling the supply reservoir to 

the same height for each run. A computation of these values indicated 

that all but a few of the test runs were within + 5% of the desired 

initial value, and the few runs outside of this percentage were within 

+ 7% of the value. The hydrostatic initial conditions for all runs at 

each pressure tap are tabulated in Appendix A. The reference used for 

calculating the percentages was the position of the actual tap being 

considered. The height was then measured from the particular tap to the 

established water head surface. The steady state flow rate of each run 

was determined by measuring the time required for the water in the 

supply tank to decrease a specified two inches in head by means of a 

Minerva precision stop watch marked in two-tenths of a second intervals. 

The two inch marks were scribed on the plexiglas wall of the supply 

tank, being positioned far enough below the.water head surface to insure 

steady state conditions existed in the test channel by the time the 

first mark was reached. Time readings were also taken for several runs 

after a one inch drop in head. The drop proved linear with time even 

though the head was slightly decreasing. 

4.2 Pressure Transducer Calibration 

The two Statham pressure transducers were calibrated both before 

conducting the transient runs, and immediately following the completion 

of the final transient tests one month later. The procedure followed 

for each transducer was identical. 

The Sanborn carrier preamplifier was prepared by setting the 

attenuation at X20; the suppression at 0; and the gauge factor at 5.0 
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and allowing 30 minutes to warm up. The Tektronix oscilloscope was set 

at 10.0 volts/centimeter for the vertical voltage base. 

The four foot cylinder was filled with water (distilled) suffi

ciently above the pressure tap hole. The transducer was then bled to 

allow all air bubbles to escape, thus "priming" the transducer. The 

cylinder was filled an inch at a time until the 38 inch mark was 

reached. At each inch the centimeter deflection on the Sanborn 

recorder, and the voltage increase on the oscilloscope, were recorded. 

The same procedure was carried out in reverse until the cylinder was 

emptied of water. The cylinder was then filled again to 38 inches. The 

controlling flow rate valve was then opened, and the pressure versus 

time for emptying recorded, thus giving a dynamic rather than a static 

pressure trace. 

The above procedure was followed twice for each transducer. The 

resulting calibration graphs showed the transducers produced a linear 

response for the static hydrodynamic loading over the entire 38 inch 

range. Since the transducers were designed for a range from 0 to +70 

inches of water pressure, the results of the calibration were as expec

ted, and the calibration factor was thus determined for each transducer. 

4.3 High Reynolds Number Runs 

The high Reynolds number runs, ranging from 28700 to 63700, were 

conducted using various layers of 210 mesh wire cloth as the porous plug 

at the end of the test duct. The reference transducer was attached at 

pressure tap if 10, and the higher frequency response transducer posi

tioned at tap #12, the last tap located at the end of the channel. The 
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recorder and oscilloscopes were given 30 minutes for warm up time. 

Appropriate sensitivity settings were selected on the amplifiers and the 

oscilloscopes. The selection was a function of the amount of measurable 

deflection desired and the ascertaining of a correct exposure of the 

photographed curve. The releasing mechanism was then prepared by posi

tioning the RTV rubber plug such that no leakage occurred out the bottom 

of the test channel, and "locking" the four bar linkage firing system 

for use with the A.C. solenoid. The vacuum pump was started, thus 

completing the preparation of the releasing mechanism. The Sanborn 

recorder was engaged to run at 0.25 mm/second and the galvanometers zero 

positioned. The oscilloscopes were also zero positioned and the voltage 

base set at 20 volts/centimeter. 

Water was introduced into the channel and supply reservoir 

through the flow system. It took approximately 12 minutes to obtain the 

desired static head. During the filling of the supply tank the two 

transducers were bled to allow all air bubbles to escape. Adverse 

effects on the frequency response of the pressure transducers were 

observed if the previous step was not conducted before each run. The 

PM399TC differential transducer was manufactured with a bleed screw for 

just such purposes. However, it was necessary to improvise by making a 

bleeding valve for the reference transducer. A minimum of five minutes 

was allowed for the complete system to "settle down", and for induced 

water motion to dampen out. The Polaroid cameras' shutters were posi

tioned at a B setting in preparation for a manual releasing of the 

shutters at the time of firing. The test equipment and instrumentation 

at this point was ready for "firing". 



The firing sequence was controlled by means of an electrical 

switch box which synchronized the energizing of the A.C. solenoid 

(releasing the rubber plug) and the triggering of the single sweep 

control on the two oscilloscopes. Just prior to firing, the shutters on 

the oscilloscope cameras were manually opened and held for a specified 

duration of time depending upon the time sweep base of the scope. The 

pressure time curve was then photographed for both transducers. The 

steady state flow rate was determined by measuring the time required for 

the head in the tank to drop a specified distance of two inches. The 

steady state Reynolds number determined using this flow measuring tech

nique represented an average value over a two inch increment of 

distance. The true Reynolds number reached at the conclusion of the 

transient run was therefore slightly higher than those obtained by this 

method. The complete supply tank and test duct were emptied of water 

following the completion of the transient run so as to facilitate a 

checking of the zero static reference on the recorder. In this way 

reproducibility of each set of runs was assured. 

The transducer at tap #12 was then re-positioned at successive 

taps for the same flow condition, and the runs conducted. Because of 

the presence of the reference transducer at pressure tap #10, the 

differential transducer at pressure tap #8 was placed vertically down

ward in all test runs. At all other pressure locations the transducer 

was placed in the vertically upward position. At the completion of each 

set of runs pressure-time and pressure-position information was avail

able for a given Reynolds number. As a means of checking the reproduci

bility of both the initial static condition and the initiation of flow, 



a photograph of the transient response at reference tap #10 was taken 

for each test run. The photographs were then compared as to time to 

peak pressure drop, voltage at peak pressure drop, time to steady state, 

and basic qualitative appearance of the output signal. If only one 

transducer had been used during the test runs, no effective information 

pertaining to reproducibility of runs would have been obtained. As it 

was, the resulting reference photographs of pressure tap #10 indicated 

that satisfactory reproducibility existed as demonstrated by Figure 4.1. 

This fact is further verified by the information supplied by the 

recorder and oscilloscopes (refer to Appendix A), concerning the hydro

static condition from which each run was conducted. 

4.4 Low Reynolds Number Runs 

Porous sintered bronze plugs, ranging from one-eighth inch to 

one-quarter inch in thickness, were used in obtaining low Reynolds 

number data. The Reynolds numbers varied from 680 using a 0.25 inch 

thick plug to 7450 with a one-eighth inch plug. The procedure followed 

in obtaining data was identical to that for high Reynolds number runs. 

However, additional problems were encountered in running at low Reynolds 

numbers. The most significant of these involved the introduction of 

external mechanical vibration superimposed upon the main transient 

curve. The additional vibration resulted primarily from vibration of 

the plexiglas channel walls during transient running, and partially from 

"repercussions" of the releasing mechanism itself due to possible 

misalignment of the rubber plug in the end of the channel. Some vibra

tion pickup also occurred due to the shock effect of the firing 
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mechanism being transferred through the main support system back to the 

test channel, thus being "felt" by the transducer. At lower Reynolds 

numbers not as much momentum exchange is required in order to reach a 

given steady state condition. Therefore, the percentage of the TOTAL 

momentum represented by the external vibration in the output signal of 

the transducer is larger in low Reynolds number flow than in high 

Reynolds number flow. Thus, even though the vibration was present 

during all runs, its significance was only evident in the lower Reynolds 

number tests. This difference is pictorially shown in Figure 4.2. The 

resulting transient data for the lower Reynolds number runs was there

fore more difficult to reduce and not as "clean" as that obtained for 

the higher Reynolds numbers. 

As seen from Figure 4.2, the pressure-time curve at a given 

location in the channel was characterized by an initial drop in pressure 

from the starting hydrostatic condition, then a gradual increase in 

pressure until steady state conditions existed at that location. From 

this time on the pressure at that location was constant and the flow was 

considered fully developed there with respect to time. The deflection 

from the hydrostatic condition, noted as a difference in voltage, to the 

steady pressure level, represents the velocity head associated with the 

particular flow. A series of such values from various pressure taps 

provides the steady state pressure drop down the duct when multiplied by 

the appropriate calibration factor. The total pressure drop increased 

in magnitude as one moved down the flow channel. If one could plot the 

pressure drop as a function of axial position for various times, the 

point where the flow becomes hydrodynamically fully developed could then 
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be determined as a function of time and position by measuring where the 

slope of the pressure gradient became constant. However, this type of 

information could not be obtained from the raw data in this investiga

tion since the quality of the data was such that small changes in the 

slope of the pressure gradient were not distinguishable. 

Of particular note in measuring the pressure as a function of 

position was the slight difference in hydrostatic head experienced at 

each tap location due to the length of the pressure fittings connecting 

the transducers to the pressure tap. In view of the small magnitudes of 

pressure drops encountered during the investigation this variation in 

pressure had to be taken into account whenever axial distance was 

considered. Since the test section was vertical, the pressure trans

ducers were also placed vertically to facilitate the complete bleeding 

of air bubbles from them. If the transducers were screwed directly into 

the tapped pressure hole, the possibility of trapped air bubbles was 

much greater-, and the probability of completely bleeding those bubbles 

from the system much less. Therefore, a trade-off between loss of 

response by either additional line or due to incomplete air bleeding had 

to be made. It was felt the loss of response due to additional line 

would be the lesser problem provided the line was short. To verify the 

above conclusion tests were conducted with the transducer connected 

directly to the pressure tap hole, followed by tests with a given length 

of line between the hole and transducer. The results proved the conclu

sion to be true and the test runs were conducted accordingly. 
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4.5 Dye Runs 

The use of flow visualization injection methods for studying 

various types of transient flows has been perhaps the most common tech

nique utilized to date. Although most injection methods give only 

qualitative information concerning the flow field, a limited amount of 

quantitative information is also available from these methods through 

proper data reduction. One such method is the injection of dye in the 

flow stream which is then photographed at a known film rate. Data are 

obtained by studying the film a frame at a time. Such information as 

bulk velocities and time required to reach steady state can be deter

mined by this means. 

In order to grossly check the results obtained by the use of 

transducers, and to obtain a thorough qualitative understanding of the 

transient phenomena occurring, a dye study was conducted of the tran

sient runs. A Fairchild high speed 16 mm. motion analysis camera was 

utilized in taking the film. A description of the procedure used for 

obtaining the desired information follows. 

The test apparatus was prepared for a transducer run, with the 

differential transducer positioned at pressure tap #10. The test 

channel and supply tank were filled with water to the desired hydro

static head. The instrumentation was prepared just as in a normal run. 

The high speed camera was positioned so that its field of view encom

passed approximately eight inches of the test channel with pressure tap 

#10 located in the center of view. The camera speed was set at about 

1000 frames per second along with appropriate settings for light and 

focus. Methylene blue dye was introduced into the channel just above 



camera view by means of a hypodermic needle with a long extension 

attached. The dye, being quite close to the density of water, suspended 

itself in the motionless water (the firing plug mechanism not having 

been energized as yet). The camera was started and the releasing 

• 
mechanism then actuated, initiating the flow. The oscilloscope picture 

and dye camera pictures were taken simultaneously throughout the 

transient flow. This procedure was repeated four times at a given 

Reynolds number to insure consistent information was provided by both 

means. The film results showed excellent agreement with the transducer 

in determining the time to steady state, steady state Reynolds number, 

and the pressure-time information. 

4.6 Data Reduction 

The reduction of experimental data was performed in two princi

pal parts. The first part involved the manual reduction of information 

directly from the raw data which consisted mostly of Polaroid photo

graphs. Figure 4.3 shows an example of such raw data. This information 

was then used as input to various computer programs for determining 

velocity and pressure flow field information during the transient runs. 

The determination of the time to steady state for each run had to be 

obtained from the Polaroid photographs themselves. Due to the charac

teristic form of the transient curve, i.e., approaching steady state 

asymptotically, a description of when steady state conditions were 

reached had to be defined. It was decided that when the pressure time 

trace achieved a percentage close to 100% of its steady state value 

steady state conditions were assumed to exist. Similar definitions are 



Figure 4.3 Raw Data Obtained for Transient Fluid Dynamic Runs 



standard for hydrodynamic entrance length, etc. (Kays 1966). This time 

on the photographs was determined by drawing a fine line through the 

steady portion of the pressure curve. Another fine line was drawn over 

the main transient portion of the curve. Where the two lines inter

sected was considered to be on the order of 99% of the steady value, and 

the time to steady state was measured from that point. Although this 

form of reduction provided a method which was as consistent as possible, 

a certain amount of subjectiveness was exercised in obtaining the two 

mentioned curves. For this reason, the reduction of data by one indi

vidual may not correspond exactly with that of another individual. The 

maximum and minimum deviation in reduction was therefore plotted for two 

typical series of runs as determined by two different individuals to 

show this possible difference and is presented as Figure 4.4. The 

maximum deviation at any particular tap was + 4.8%, - 12.5%. The actual 

percentage deviations for the two series of runs are presented in 

Table 4.1. 

The second portion of the data reduction involved a film reduc

tion of the dye studies. This was accomplished by means of a Kodak 16 

mm. film analyzer which allowed viewing of the film a frame at a time. 

The dye motion was analyzed according to frames on the film with respect 

to vertical position in the text channel. Knowing the frames as a 

function of position, and determining the camera film speed from timing 

marks on the film, allowed one to determine the bulk velocity of the 

dye (thus the water) as a function of position and time. From this 

information the acceleration as a function of time was deduced for the 

full transient case. For turbulent flow cases, the assumption is made 
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TABLE 4.1 

DEVIATION IN DATA REDUCTION OF TIME REQUIRED 
TO REACH STEADY STATE BY TWO INDIVIDUALS 

Reynolds Number = 29380 Reynolds Number = 2475 

Aspect Ratio = 22.2 

Pressure Percentage Pressure Percentage 
Tap it Deviation Tap # Deviation 

4 
+ 1.7 % /. + 6.7 % 

4 - 11.1 % 
H - 8.9 % 

6 
+ 5.0 % r + 4.1 % 

6 - 8.4 % 0 - 11.2 % 

8 
+ 3.9 % 

8 
+ 4.8 % 

8 - 3.3 % 
8 - 12.5 % 

10 
+ 4.4 % 
- 2.9 % 

10 
+ 5.4 % 
- 4.6 % 

12 
+ 2.9 % 
- 11.1 % 

12 
+ 7.1 % 
- 6.8 % 



57 

that the acceleration is independent of axial position, which is 

reasonable for turbulent incompressible flow in a constant area duct 

because of the flat velocity profile. This allows "bulk" pressures as a 

function of time to be determined and compared to the values obtained by 

means of the transducers. 

The reduction of the dye studies provided information which 

allowed an accurate determination of when steady state conditions were 

obtained independent of that supplied by the transducers. This informa

tion was also compared to that of the oscilloscope photograph reduc

tions, resulting in a very favorable comparison. 

Other than obtaining raw data information from the photographs 

and film themselves, the data reduction process was composed of routine 

calculations pertaining to fluid properties. The computer reduction did 

involve, however, such routines as numerical differentiation and Fourier 

analysis to obtain meaningful information pertaining to the transient 

response of the fluid. For further information regarding data reduction 

the reader is referred to Appendix A. 



CHAPTER V 

ANALYTICAL PREDICTIONS 

This chapter treats the analytical solution to two particular 

problems associated with the study of transient flow in ducts, with 

specific application to the present investigation. The first problem 

involves the analytical determination of the steady state "velocity 

head" for all series of high Reynolds number runs by solving the 

extended Bernoulli equation. Use is made of reduced experimental data 

as input to portions of the analytical equation. Frictional effects are 

considered. The steady state Reynolds number is calculated, knowing the 

velocity head, in order to compare with experimental measured results. 

The second problem deals with the solution to a transient flow situation 

in which fluid between parallel plates is suddenly set into motion by a 

pressure gradient which is constant. The time required to reach steady 

state conditions is of interest in this case, so as to compare with the 

experimental values observed. 

5.1 "Velocity Head" Determination — Extended Bernoulli Equation 

With the assumption of streamline flow and conservative body 

forces the non-linear, unsteady Eulerian equations of motion (applicable 

in this investigation) can be expressed in a simpler form known 

universally as the unsteady Bernoulli equation. 

58 
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[ / (ff) ds + ̂  + if - D ] - 0 (5.1) 

where V is the bulk velocity of the fluid, U is the conservative body 

force potential, p is the density, and ds is an element in the stream

line. The integration of the nonsteady term is carried out along a 

given streamline at a given instant of time starting from an arbitrary 

reference point. If the integration is carried out between two given 

points along the streamline the resulting expression for an incompres

sible fluid is given as Equation 5.2. 

2 av v2 2  e c
p

2  v 2  .1  
s\ f d s +-f +  t^- u2--f +  — " di «" 2> 

Since the force potential for this investigation is gravity, the 

potential U can be written as 

U = -gy (5.3) 

if the y-axis is considered positive when pointing upward and normal to 

the earth's surface. If shear effects due to friction are also 

considered, the unsteady Bernoulli equation can further be expressed in 

the form of Equation 5.4. It is customary to express the frictional 

term as -W^ since it is a "loss" term. If in considering a given flow 

situation, one considers the downstream portion of the streamline to be 

condition or station 2, and the upstream portion to be condition 1, then 

the Bernoulli equation in its extended form is found to be: 
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2 2 
,2 9V , , V2 ScP2 V1 Sc?l 
'l 1TdS +~ + T" S?2 " — + T~ + 8yl " "f (5'4) 

If strictly steady state conditions are of interest the integral term in 

2 
Equation 5.4 drops out and the expression for the velocity head, /2, 

reduces to a form represented by Equation 5.5. 

V22 Vl2 gc(PrP2} 
-f - [ -J-+ p + ̂ yry2) - wf ] (5-5) 

If the Darcy-Weisbach equation for mechanical energy loss in 

steady flow of a fluid through a duct is considered, the frictional head 

(energy) loss can be expressed as Equation 5.6 where f represents the 

steady state friction factor and is the hydraulic diameter of the 

duct (a function of the duct's geometry). 

V 2 

Wf = f dT ~2~ 
n 

The extended Bernoulli equation can then be written in the following 

form: 

V22 L Vl2 gc(PrP2) 

-r (1 + f ̂  = ir+ p + s^ry2) (5-7) 

By rearranging the Bernoulli equation, the expression 5.8 for the 

velocity head can be obtained. 
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] / (1+f £-) (5.8) 
h 

For a duct, is the mean bulk velocity which satisfies m = pV2^2' 

In order to solve for the velocity head, the steady state 

pressures at (1) and (2) must be known. If values for y^, L, and 

from the present experimental investigation are used, along with 

experimentally determined steady state pressures at (1) and (2), the 

velocity head corresponding to the experimental conditions can be calcu

lated. The flow conditions for the investigation are listed as follows, 

and are as shown in Figure 5.1. 

1. Station 1 is located at the water surface of the established 

3. y^ = 0 and y^ = distance of particular tap being studied from 

surface of established head. 

4. L = distance of particular tap being studied from completed 

portion of bell-mouth entrance, i.e., pressure tap #1. 

7. ^2 = ferenti-al pressure at particular tap being studied. 

8. f = friction factor of each run based on experimentally 

determined Reynolds number, determined from a standard Moody 

chart. 

Once the velocity head is solved for, the steady state Reynolds 

number can be calculated using Equation 5.9. 

head. 

2. is negligible — following the assumption of a constant head. 

5. = hydraulic diameter of particular duct. 

6. = atmospheric pressure. 
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Re 
s.s 

(5.9) 

The calculated results and their comparison with the experimental 

measured values are discussed in Chapter VI. 

5.2 Suddenly Accelerated Fluid Between Infinite Parallel Plates 

When considering the "start-up" problem experimentally, it would 

be convenient to have an analytical solution to compare results with. 

But since the start-up problem applicable to this investigation has not 

been solved analytically, comparisons, if made, must be done with 

respect to simplified versions of the present problem. One such version 

would be the sudden acceleration of fluid between infinitely long 

parallel plates. If one assumes that a pressure gradient could be 

produced which is constant in time and along the channel, and acts on 

the fluid between the plates at the instant t = 0 (the fluid being at 

rest for t < 0), the fluid will begin to move as influenced by pressure, 

inertia and viscous forces. The velocity profile, if laminar flow, will 

eventually approach, asymptotically, the parabolic distribution of 

Hagen-Poiseuille flow. If further assumptions are made that the 

parallel plates are infinite in length and the fluid is incompressible, 

the applicable axial momentum equation for transient flow is represented 

as Equation 5.10, where X is the body force (gravity potential) and the 

coordinate system is as shown in Figure 5.2. 

(5.10) 
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Figure 5.2 Coordinate System for Infinitely Long Parallel Plates 

Non-dimensional parameters are defined as follows: 

y* = y/oh 

x* = x/D, 

u* = u/u 
s.s. 

t* = vt/D, ̂ 
n 

P* = P/p U2 
o s.s. 

p* = p/p0 

QP1 - g \3/ 2̂ 

b* = b/D, = 1/2 
n 

(5.11) 

(5.12) 

(5.13) 

(5.14) 

(5.15) 

(5.16) 

(5.17) 

(5.18) 

where in the limit of the definition of hydraulic diameter, the 

hydraulic diameter for parallel plates is twice the plate spacing. 

One can non-dimensionalize Equation 5.10 to allow the momentum 

equation to be expressed in terms of the Reynolds number: 

3u* = QP1 _ 8P* 3 u* 
3t* Re s.s. 3x* . J2 

s.s. 3y* 
(5.19) 
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Since the pressure gradient is assumed to be independent of time and x, 

and the Reynolds number is based on the steady state velocity, the first 

and second terms on the right hand side of Equation 5.19 can be combined 

into a constant defined as K: 

k  =  -q^-re ( 5.20) 
Re s.s. 3x* 
s.s. 

The resulting expression for the X-momentum equation is shown as 

Equation 5.21 which is an inhomogeneous, second order partial differen

tial equation. 

& " k + t5 (5-2" 9y* 

The solution to a linear differential equation is usually achieved by 

solving for the homogeneous portion of the solution, followed by the 

particular solution. In the present application, the solution to the 

differential equation will be expressed as a combination of steady state 

and transient solutions, i.e., the steady state portion being a function 

of position only, and the transient portion being a function of both 

position and time, so that 

u*(y*,t*) = iKy*,t*) + n(y*) (5.22) 

u*(y*,t*) = u* + u* (5.23) 
' ' tr s.s. 

The two "independent" equations to be solved are obtained by 

substituting the expression for u*(y*,t*) in Equation 5.22 back into 
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Equation 5.21. The two equations are represented as Equations 5.24 and 

5.25. 

2 
+ K = 0 (5.24) 

3y* 

f£* • ̂  <5-25) 
9y* 

The solution to the steady state portion is straight forward and is 

given by: 

n(y*) = f (b*2 - y*2) (5.26) 

The solution is the typical parabolic profile expected for steady state 

flow. 

n = 0 @ y* = b* 

3n 
3y* 

=0 @ y* = 0 

The solution to Equation 5.25 is obtained by applying a separation of 

variables technique in which ip(y*,t*) is assumed' to be a product of two 

functions Y(y*) and T(t*). The mathematics of the solution follow: 

<Ky*»t*) = T(t*) • Y(y*) (5.27) 

Substituting back into Equation 5.25 and separating variables leads to 

2 
T(t*) = A e"X (5.28) 

Y(y*) = B cos X y* + C sin X y* (5.29) 
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where X represents the eigenvalues of the solution. Applying the 

boundary conditions: 

Y' (0) =  \ p ' ( 0 )  = 0 @ y* = 0 

Y(b*) = Kb*) = 0 @ y* = b* 

One obtains Equation 5.30 for the eigenvalue expression, and Equation 

5.31 for the product form of Equation 5.27. 

<5-30) 

2 
= D e ^ t  cos X y* (5.31) 

Equations 5.26 and 5.31 are then combined to furnish the expression for 

the non-dimensional velocity as a function of space and time. This 

expression is presented in Equation 5.32. 

2 
u*(y*,t*) = | (b*2-y*2) + D e"X t*cos X y* (5.32) 

Applying the initial boundary condition that u* = 0 at t* = 0 and 

performing the usual integration on the resulting form of Equation 5.32 

allows the constant D to be determined as a function of the eigenvalues. 

The expression for D is given below. 

Now, the total solution to the partial differential equation can be 

expressed in terms of the eigenvalues as shown in Equation 5.34. 



68 

u*(y*,t*) 
K/2 

2 2 
(bft^-y*^) - z 

11=1 

00 

4 sin X b* 
3 
xj b* 

cos X y* (5.34) e 

The values for u*(y*,tA)/(K/2) as a function of t* and y* were 

obtained by programming the equation on a CDC 6400 computer. The 

results are presented in Figure 5.3. The non-dimensional time required 

to reach steady state conditions can be determined directly from the 

graph. If the Reynolds number at steady state and the pressure gradient 

are known, K takes on a definite value. At steady state, u* = 1. 

•qA 
Therefore, —j^ has a definite value. Where this value on the horizontal 

axis falls on a curve of constant t*, that value of t* is the non-

dimensional time to steady state. A discussion of these analytical 

results, as compared to the experimental results, is found in Chapter 

5.3 Boundary Layer Analysis 

An attempt was made to analytically describe the complete flow 

field which was investigated experimentally. The scheme utilized was to 

use the boundary layer equations as the mathematical model with the 

transient term in the axial (x) momentum equation. These equations were 

reduced to a finite difference form, following the method of Patankar 

and Spalding (1967) and Bankston and McEligot (1969), which utilizes the 

application of the conservation principles directly to finite control 

volumes rather than finite differencing the equations themselves. 

In order to solve for the complete flow field a knowledge of the 

inlet velocity, thus the inlet Reynolds number, as a function of time is 

VI. 
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necessary since it serves as one of the boundary conditions for the 

boundary layer equations. But, to obtain the Reynolds number in the 

channel as a function of time, the "history" of the fluid prior to 

arriving at the inlet is required. Therefore, a solution to the channel 

boundary layer problem could not be obtained without first solving for 

the transient flow field in the tank or "reservoir" supplying the fluid. 

A one-dimensional program was therefore developed which solved for the 

Reynolds number of the fluid leaving the tank and entering the channel 

as a function of time. The one-dimensional approach was used since the 

relative size of tha tank and channel and the smoothness of flow in the 

tank suggested the possibility of flow approximating that of a potential 

flow condition. Once the time-dependent Reynolds number was determined 

at the inlet a viscous one-dimensional approach was then used through 

the rest of the channel to insure (to an order of magnitude) that the 

overall pressure requirements were met. An iterative process was 

incorporated between the "tank solution" and the one-dimensional 

"channel solution" such that a particular Reynolds number corresponding 

to a given time satisfied both solutions simultaneously. This Reynolds 

number relationship was then used as input into the program solving the 

boundary layer equations. 

It should be noted that a solution to the boundary layer equa

tions was not successfully obtained by use of the above scheme due to 

what the author believes to be numerical stability problems. The steady 

state solution (eliminating the transient term) to the boundary layer 

equations gave excellent results for the hydrodynamic entrance problem 

and these results agreed very favorably with existing solutions. 



However, when the transient term was introduced into the boundary layer 

equation program the transverse velocities in the channel were found to 

oscillate in value as axial distance increased. The oscillation was 

stable in the sense that the magnitude of the transverse velocities 

"behaved" well, decreasing in magnitude as axial distance increased, but 

the sign of the velocities alternated with each axial step such that the 

fluid moved transversely from the walls toward the center line at one 

axial step, and from the center line to the walls at the next axial 

step, etc. This stability problem was never eliminated due to limited 

computer time available, and the lack of sufficient experience by the 

author in the use of numerical computer methods to isolate its cause. 

It is nevertheless the opinion of the author that a successful solution 

is possible by use of the present scheme, provided enough time and 

experience are spent in mastering the finite difference method used. 

For this reason, and the fact that unsuccessful attempts at solving 

difficult problems provide at times useful information, and are as much 

a part of a dissertation study as those which are successful, a descrip

tion and discussion of the scheme used is included in this report as 

Appendix C. 



CHAPTER VI 

RESULTS AND DISCUSSION OF RESULTS 

6.1 Time to Steady State 

The experimental results for unsteady flow of a viscous, incom

pressible fluid in the entrance region of rectangular ducts indicate 

that the time required to reach steady state increases as the eventual 

steady state Reynolds number of the flow increases. But conversely, the 

time to steady state decreases as the aspect ratio of the duct is 

increased. There is also some rather weak indication that at high 

Reynolds numbers the time to reach steady state for any given Reynolds 

number and aspect ratio may vary some with distance along the duct, 

although this cannot be considered a firm conclusion. 

In most transient studies the time required to reach steady 

state conditions is considered an important parameter in understanding 

the history of the unsteady phenomena. In the present investigation, 

the procedure to determine the time to steady state has been explained. 

Figures 6.1 and 6.2 show time to steady state information from typical 

raw data for Reynolds numbers of 29142 and 1587 with aspect ratios of 

11.4 and 7.8 respectively. Such information was obtained for all runs 

and plotted in various forms. Figure 6.3 shows the time to steady state 

as a function of the distance down the duct for all runs conducted 

during the investigation. The information was plotted for various 

Reynolds numbers at different aspect ratios. 
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Figure 6.1 Time to Steady State Information for High Reynolds Number 
Run at 29142 with an Aspect Ratio = 11.4 
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Figure 6.2 Time to Steady State Information for Low Reynolds Number Run 
at 1587 with an Aspect Ratio = 7.8 
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There was a significant difference in time required to reach 

steady state for high Reynolds number runs as compared to the lower 

Reynolds number runs. The principal difference was evidently due to the 

fact that the high Reynolds number tests were turbulent in nature, while 

those at the lower Reynolds numbers were laminar. Another point brought 

out by the graph was the apparent effect that the porous plug had on the 

measurements at tap #12, the last pressure tap. For the high Reynolds 

number runs, the presence of the plug apparently caused the time to 

steady state to be lower than the expected values and trends would indi

cate. There appears to be a more rapid change in pressure of the fluid 

toward the steady value in the close vicinity of the plug. Whether this 

is in fact true or not is debatable. The time to steady state presented 

in Figure 6.3 as a function of axial distance down the channel at a 

given Reynolds number varied approximately + 10 per cent from the mean 

value for the various tap locations. Since this variation is of the 

same order of magnitude as the overall accuracy of the experiment it is 

questionable whether the time to steady state does vary with axial 

position. This is in contrast to Avula's (1968) dissertation work in 

which he definitely states that the time to steady state increases with 

distance down the channel. Since the author's raw data and method of 

reduction of raw data appear to be quite similar to that of Avula, the 

meaningfulness and credence of his particular conclusion is questioned. 

The plotted data of Figure 6.3 exhibit only small sensitivity 

concerning trends of time to steady state as a function of aspect ratio 

and time to steady state for a given Reynolds number at a given pressure 

tap. It was decided to non-dimensionalize the parameters involved and 



to try to improve the sensitivity of viewing any trends that did exist. 

The re-plot of Figure 6.3 in non-dimensional terms is presented in 

Figure 6.4. The non-dimensional graph indicates a possible decrease in 

non-dimensional time required to reach steady state as the aspect ratio 

is increased. However, it should be noted that the non-dimensional time 

2 
variable has D, in its definition and is therefore a function of the 

n 

aspect ratio as well as time. The range of for the investigation 

varied from 0.067 ft to 0.073 ft. Although non-dimensionalizing 

clarified resulting trends at high Reynolds numbers, the information did 

not provide similar conclusive results for the lower Reynolds number 

runs. This difference is dynamically exemplified when comparing the 

results of Figure 6.5 to those of Figure 6.6. 

The investigation was conducted over a wide range of Reynolds 

numbers, 680 to 64000, in order to determine transient behavior for both 

laminar and turbulent flow. Figure 6.7 presents the results for the 

complete range. The results indicate that the non-dimensional time to 

steady state increased in a non-linear fashion as the Reynolds number 

increased. An attempt was made to determine the mathematical relation

ship of the non-dimensional time to steady state as a function of the 

Reynolds number. The empirical curve fit resulted in a parabolic 

distribution of the following form: T* = 0.70 + (0.61 x 10 "*) x Re + 

-9 2 
(0.26 x 10 ) x Re , with a root mean square deviation of T* data equal 

to 0.11 corresponding to a range of deviation of T* equal to + 0.25. 

The same information was plotted on semi-log paper, shown as Figure 6.8, 

with a resulting spreading-out of the lower Reynolds number data. From 

both graphs it appears that the non-dimensional time required to reach 
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steady state for Reynolds numbers less than 10000 could be considered 

effectively constant. For Reynolds number values greater than 10000 the 

increase in time to steady state follows the parabolic curve fit 

mentioned above. 

6.2 Pressure Results 

Of interest in every type of duct flow is the variation in 

pressure through the duct since this is directly related to the pumping 

power requirements and heat transfer characteristics of the overall 

system. Designers working in areas involving transient flow have had to 

rely either upon steady state information concerning the flow or 

unproven analytical models in order to predict and design for transient 

phenomena. Information pertaining to the pressure history through the 

duct as a function of time and position would help fill a portion of the 

existing gap, and allow for a more efficient design. Of considerable 

importance in transient flows such as experienced in this investigation 

is the tremendous pressure drop occurring due to the creation of 

momentum in initiating flow. The peak pressure drop and the amount of 

pressure recovery would be of definite interest to the designer. 

Such information for this investigation is represented in Figure 

6.9 for a Reynolds number of 29380 at an aspect ratio of 11.4. It 

should be noted that the peak pressure drop generally increased with 

increased distance down the duct, and that the peak pressure drop did 

not necessarily occur at the same time for the different taps. These 

results disagree with Avula's (1968) work concerning transient flow in 

circular tubes since he indicated the peak pressure drop occurred at the 
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same time for all taps. The relative position of the pressure taps 

(test section being vertical instead of horizontal), and the difference 

in steady state pressures for each tap, because of the orientation, 

could possibly explain the difference. For this particular study, it 

does not appear likely that the peak pressure drop would in fact occur 

at the same time throughout the duct. The graph also shows quite well 

the relative position of the pressure taps with respect to steady state 

pressure. The closer spacing of taps near the entrance to the duct is 

graphically quite evident. 

The steady state pressure distribution for high Reynolds number 

runs is presented non-dimensionally in Figure 6.10. The results show a 

linear pressure drop down the duct for all Reynolds numbers. However, 

the slope for each of the Reynolds numbers is different since the 

pressure gradient in the channel is itself a function of Reynolds 

number. Also, the non-dimensional pressure has a bulk velocity squared 

in the denominator contributing to the fact that different slopes exist 

for different steady state Reynolds numbers. As would be expected, the 

non-dimensional steady state pressure parameter becomes smaller as the 

Reynolds number is increased. No information concerning the point at 

which fully developed flow was established could be obtained since the 

large aspect ratios allowed less than 40 diameters' length of channel to 

be investigated. Results for the lower Reynolds number range are 

included in Figure 6.11. 
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6.3 Aspect Ratio Results 

The results already presented have not shown clearly the effect 

of aspect ratio on time to reach steady state. Figure 6.12 presents 

such results for both high and low Reynolds number runs. No additional 

information is presented in this particular graph, but by changing the 

abscissa from the Reynolds number used in previous figures to aspect 

ratio a better description of this parameter's particular contribution 

to time to reach steady state is observed. The results would be more 

meaningful, perhaps, if the effect of aspect ratio could be included in 

some new appropriate non-dimensional variable. Several schemes were 

tried but without any significant result. Nevertheless, the graph does 

indicate that the non-dimensional time to steady state increases with 
\ 

decreased aspect ratio. Figure 6.13 gives possibly the best description 

of the inconsistencies encountered during the investigation for those 

series of runs. The inconsistency is directly related to the difficulty 

of reducing the data for such runs, partly caused by the effect of 

external mechanical vibration becoming more significant the lower the 

Reynolds number. Even so, the general trend of longer non-dimensional 

times to steady state for larger Reynolds numbers is still evident. 

6.4 Velocity Results 

As mentioned in Chapter V, "steady state velocity head" informa

tion could be obtained indirectly from the transient pressure-time 

curves of the Polaroid photographs. The steady state velocity head for 

a high Reynolds number run is illustrated in Figure 6.14. If the 

assumption is made that the acceleration in the channel is independent 
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of the axial position then the extended unsteady Bernoulli equation, 

which includes friction, may be applied in solving for the velocity 

head. The analysis was included in Chapter V. Once the velocity head 

is determined the gross steady state Reynolds numbers can be calculated 

and compared to the experimental results for which steady state flow 

rates were actually timed. Normally, at a Reynolds number of approxi

mately 30000 the flow is turbulent in nature when flowing through ducts. 

But because of the very smooth entrance achieved for the ducts in this 

investigation, it was very possible that laminar flow existed even at 

the Reynolds numbers being considered. 

Since it was not known for certain whether the flow was laminar 

or turbulent, both were assumed in calculating the velocity head. This 

required a corresponding adjustment of the friction factor in the 

Bernoulli equation since its value is also quite different depending 

upon the nature of the flow. A comparison of the experimentally 

determined Reynolds numbers with those calculated using the two 

different Reynolds number regimes is presented in Table 6.1 and Table 

6.2 for all three series of runs at Reynolds numbers of approximately 

30000 and 60000. The results show a better agreement with experimental 

values for the turbulent case. It would therefore seem conclusive that 

all series of runs conducted at Reynolds numbers greater than 27,000 

were turbulent. No attempt was made to precisely define any lower limit 

of Reynolds number indicating turbulent flow. In addition, it should be 

noted that with the exception of two runs, the Reynolds numbers calcula

ted by the Bernoulli equation for turbulent flow with an aspect ratio of 

22.2 were within 12% of the experimental values. However, the values 
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TABLE 6.1 

VELOCITY HEAD RESULTS 
ASSUMED TURBULENT FLOW 

Run # Aspect 
Ratio 

Pressure 
Tap 

v2 êvel. hd. 
Re 
exp 

Percent 
Difference 

37a 11.4 12 17.67 28218 29412 4.1 
38 11.4 10 32.95 38565 29249 24.2 
39a 11.4 8 32.95 38565 29575 23.3 
39 11.4 8 33.88 39102 28772 26.4 
40a 11.4 6 28.37 35743 29575 17.3 
41 11.4 4 25.79 34131 29575 13.3 
42a 11.4 2 22.43 31846 29249 8.2 
21a 7.8 12 27.26 33430 32787 1.9 
22 7.8 8 34.75 37720 32089 14.9 
22a 7.8 8 35.33 38041 31685 16.7 
23a 7.8 6 32.52 36504 31685 13.2 
24 7.8 4 30.81 35543 32089 9.7 
46 22.2 8 22.75 32984 28662 13.1 
46a 22.2 8 23.68 33607 28662 14.7 
47 22.2 12 15.53 27245 28662 5.0 
48 22.2 10 21.40 31947 28951 9.4 
48a 22.2 10 21.40 31947 28951 9.4 
49 22.2 6 22.04 32500 28662 11.8 
49a 22.2 6 20.88 31601 28662 9.3 
50 22.2 4 19.75 30702 28662 6.7 
51 22.2 2 20.24 31117 28662 7.9 
51b 22.2 2 20.24 31117 28662 7.9 
64 22.2 12 102.71 70049 63693 9.1 
64a 22.2 12 104.39 70671 63693 9.9 
65a 22.2 10 97.74 68320 66656 2.4 
65b 22.2 10 98.19 68458 66656 2.6 
66 22.2 8 104.84 70809 65141 8.0 
66a 22.2 8 104.84 70809 65141 8.0 
67 22.2 6 103.25 70256 63693 9.4 
67a 22.2 6 104.03 70533 63693 9.7 
68 22.2 4 95.26 67490 63693 5.6 
69 22.2 2 97.00 68043 63693 6.4 
69a 22.2 2 95.52 67559 63693 5.7 
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TABLE 6.2 

VELOCITY HEAD RESULTS 
ASSUMED LAMINAR FLOW 

Run # Aspect 
Ratio 

Pressure 
Tap 

v2 6̂vel. hd. 
Re 
exp 

Percent 
Difference 

37a 11.4 12 27.65 35340 29412 16.8 
38 11.4 10 44.87 45015 29249 35.0 
39a 11.4 8 41.51 43268 29575 31.7 
39 11.4 8 42.68 43873 28772 34.4 
40a 11.4 6 32.80 38431 29575 23.0 
41 11.4 4 27.14 34937 29575 15.4 
42a 11.4 2 22.73 31981 29249 8.6 
21a 7.8 12 43.27 42139 32787 22.2 
22 7.8 8 44.17 42524 32089 24.5 
22a 7.8 8 44.90 42908 31685 26.2 
23a 7.8 6 37.83 39385 31685 19.6 
24 7.8 4 32.49 36504 32089 12.1 
46 22.2 8 28.56 36926 28662 22.4 
46a 22.2 8 29.73 27617 28662 23.8 
47 22.2 12 24.16 33952 28662 15.6 
48 22.2 10 29.04 37202 28951 22.2 
48a 22.2 10 29.04 37202 28951 22.2 
49 22.2 6 25.41 34851 28662 17.8 
49a 22.2 6 24.08 33883 28662 15.4 
50 22.2 4 20.77 31463 28662 8.9 
51 22.2 2 20.50 31256 28662 8.3 
51b 22.2 2 20.50 31256 28662 8.3 
64 22.2 12 152.37 85400 63693 25.4 
64a 22.2 12 154.87 86022 63693 26.0 
65a 22.2 10 127.96 78139 66656 14.7 
65b 22.2 10 128.55 78416 66656 15.0 
66 22.2 8 128.01 78208 65141 16.7 
66a 22.2 8 128.01 78208 65141 16.7 
67 22.2 6 116.95 74751 63693 14.8 
67a 22.2 6 117.84 75027 63693 15.1 
68 22.2 4 99.48 68942 63693 7.6 
69 22.2 2 98.07 68458 63693 7.0 
69a 22.2 2 96.58 67974 63693 6.3 
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for turbulent flow runs in ducts with aspect ratios of 11.4 and 7.8 were 

only within 20% of experimental values. The former aspect ratio closely 

approximates parallel plates, while the latter aspect ratios do not 

approximate parallel plates very well. It is of interest to note that 

all Reynolds numbers, except two, calculated by the Bernoulli equation 

were consistently higher than the experimental values. 

For the most part, the differences between the experimentally 

obtained Reynolds numbers and those calculated are probably caused by 

overall error while running the investigation, and the problem associ

ated with data reduction and precise determination of friction factors. 

6.5 Fourier Analysis 

A Fourier analysis was performed on the basic transient curve 

for a typical low JLeynolds number run to determine its fundamental 

frequency. The results presented in Figure 6.15 and in Appendix A 

determined the fundamental frequency to be 1.0 cycle per second. The 

summary curve includes the first 10 harmonics of the transient response 

although only the first five are actually shown plotted. The actual 

transient curve and Fourier analysis curve were then compared following 

the 10th harmonic, with the result showing excellent agreement. The 

"high" frequency vibration caused by the firing mechanism, plexiglas 

walls, etc. was significantly higher (30 cy/sec < f < 150 cy/sec, as 

established by independent vibration tests) than the fundamental 

frequency. We may conclude that the basic transient fluid phenomena are 

well represented by the oscilloscope output. Figure 6.16 shows the 

comparison of the two curves after the 10th harmonic. 
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A similar analysis was performed for a high Reynolds number run. 

The results (see Figure 6.17) showed good agreement, although not as 

favorable as for lower Reynolds numbers. The Fourier analysis curve 

does not fit as well for this run due to fewer data points taken and the 

fact that the time steps were twice as large as those in Run 11c. The 

data points used in the Fourier analysis were taken from the Polaroid 

photographs at each grid marking. The oscilloscope time base for the 

high Reynolds number runs was 0.2 sec/cm as compared to 0.10 sec/cm for 

lower Reynolds numbers. Therefore, fewer points were obtained for the 

Fourier analysis when considering photographs with the larger time 

bases. The fundamental frequency still proved to be 1.0 cycle per 

second. 

6.6 Dye Study Results 

As a gross check on the results obtained by the use of trans

ducers, and in order to obtain a thorough qualitative understanding of 

the transient phenomena occurring, a dye study was conducted of the 

transient runs as discussed in Section 4.5. Reduction of the film a 

frame at a time showed excellent agreement with the transducer in deter

mining the time to steady state and the steady state Reynolds number. 

The experimental time to steady state, as obtained from the Polaroid 

photograph, for Run #83 gave 340 milliseconds, while the film reduction 

showed 350 milliseconds. Correspondingly, the experimental steady state 

Reynolds number was 13028, while the film reduction showed a steady 

state Reynolds number of 13922. Pressure-time information was also 

obtained through film reduction. A comparison of the dye results to the 
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transducer results is included as Figure 6.18. The curves commence at 

the time of peak pressure drop and continue until steady state condi

tions exist. The film reduction gave lower pressures, corresponding to 

the higher Reynolds number results, for times approaching steady state, 

but higher pressures during the early initiation of flow. The extended 

Bernoulli equation with friction was used with film reduction data as 

the means for obtaining the pressure as a function of time. The 

difference in total agreement between the two curves is attributed to 

the difficulty of reducing the data and the use of Bernoulli's equation 

with friction rather than a more exact mathematical model. However, 

there is agreement within about 10%. The dye study showed a qualitative 

velocity-time relationship which proved to be the complement of the 

pressure-time curve obtained from the transducers. For information 

pertaining to the data reduction of the film the reader is referred to 

Appendix B. 

6.7 Other Solutions 

As mentioned earlier in this report a solution was obtained for 

flow in infinitely long parallel plates, starting from rest, assuming a 

constant pressure gradient with time and position, after the manner of 

F. Szymanski (1932). The analytical analysis is presented in Chapter 5. 

That solution determines times to steady state much greater than those 

obtained experimentally. Probably the experimental situation of the 

current study is closer to constant volume flow rate than to constant 

pressure gradient, and therefore time to steady state would be expected 
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to be less in the experimental situation than that for a prediction 

assuming constant pressure gradient. 

The experimental times were shorter even than those predicted by 

the mentioned constant volume flow rate analysis. Of course, the simple 

mathematical models used for the analytical prediction do not accurately 

represent the true physical conditions of the investigation. 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

The experimental results of the present investigation confirm 

that the non-dimensional time required to reach steady state for an 

incompressible, viscous fluid starting from rest in a rectangular duct 

increases as the Reynolds number increases, but decreases as the aspect 

ratio of the duct is increased. The empirical relationship of non-

dimensional time to steady state as a function of the Reynolds number 

was determined to be of the form: T* = 0.70 + (0.61 x 10 * Re + 

-9 2 
(0.26 x 10 ) x Re with a root mean square deviation of T* equal to 

0.1'3r~corresponding to a range of deviation of T* equal to + 0.25. 

A dye study of the transient gave results for time to steady 

state within 10% of the values determined from pressure measurements. 

Pressure-time and pressure-position information of the transient 

response was also verified by these results. The dye study indicated a 

qualitative velocity-time relationship which proved to be the complement 

of the pressure-time response curve obtained from the transducers. 

The overall experimental investigation was concluded to have an 

accuracy of the order of 10% in stated time to steady state. Most of 

the uncertainty is attributed to the difficulties encountered in the 

reduction of data. 

The analytical solution to a problem similar to but not exactly 

the same as the experimental investigation gave times to steady state 

103 
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consistently higher than the experimental values. The differences in 

values are attributed to the fact that an exact mathematical model of 

the investigation was not represented in the analytical solution 

presented. The analytical prediction considered the channel to be 

infinitely long parallel plates, with flow resulting from a constant 

pressure gradient. In addition, only fully developed flow was consi

dered in solving the transient problem analytically. 

The following recommendations are presented in the event that 

further transient studies are conducted in which similar experimental 

techniques are utilized: 

1. The flow channel should be made of a material that is very rigid 

such that if vibration of the channel walls occurs, the 

resulting frequency of the walls will be as high as possible. 

If such a material is not transparent, and flow visualization 

studies are to be included, an optical "window" could be put in 

to accomplish said purpose. 

2. The use of hot-wire anemometry should be incorporated as part of 

the experimental technique for obtaining velocity information. 

3. Electronic instrumentation should be included which is synchron

ized with the transducers such that the time to steady state is 

recorded independently of the photographed output. 



APPENDIX A 
0 

DATA REDUCTION 

A sample of the tabulated experimental values, presented as 

Table A.l, was transferred directly from the Experimental Data Book 

(Book #2, Transient Fluid Flow Studies - E. M. M. T. Laboratory, Univer

sity of Arizona) used during the investigation. The format used in 

collecting the above data during the investigation is included as Table 

A.2 for reference purposes only. A general presentation of the overall 

investigation is provided in Table A.3. 

The non-dimensionalization of the experimental data was conven

iently accomplished by plotting graphs of the dimensional parameter 

versus the non-dimensional parameter. The graphs were then used as part 

of the data reduction scheme in transforming the raw data into meaning

ful results. Such information is presented in Figures A.l and A.2, and 

in Table A.4. 

As discussed in Chapter VI, the time required to reach steady 

state for the test runs was obtained directly from the raw data, 

Polaroid photographs in this case, by "graphical" means. It is not 

feasible to include more than but a few selected photographs. (See 

Figures 6.1 and 6.2.) The remainder of the reduced experimental data of 

time to reach steady state is presented in tabular form as Table A.5. 
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TABLE A.l 

TABULATED EXPERIMENTAL VALUES 

Run Pressure Transd* Aspect Condition** 2" Steady Static Settling Time Date 

# Tap Ratio State 
(Min. 

Tim. 
Sec.) 

Voltage in Tank 
Before Firing 

1 8 1 11.4 1 1 54.0 103.0 15.0 Min. 5/23/70 
1 10 2 11.4 1 1 54.0 — 15.0 Min. 5/23/70 
la. 8 1 11.4 2 5 20.0 104.0 6.0 Min. 5/25/70 
7a 10 2 11.4 2 5 20.0 — 6.0 Min. 5/25/70 
12b 8 1 7.8 2 7 55.0 101.0 5.0 Min. 5/29/70 
12b 10 2 7.8 .2 7 55.0 — 5.0 Min. 5/29/70 
16 8 1 7.8 1 1 45.0 100.0 5.0 Min. 5/29/70 
16 10 2 7.8 1 1 45.0 .— 5.0 Min. 5/29/70 
21a 12 1 7.8 3 0 23.0 146.0 5.0 Min. 6/1/70 
21a 10 2 7.8 3 0 23.0 — 5.0 Min. 6/1/70 
30 6 1 7.8 4 10 47.0 81.0 4.0 Min. 6/1/70 
30 10 2 7.8 4 10 47.0 — 4.0 Min. 6/1/70 
35 6 1 11.4 4 14 10.0 84.0 5.0 Min. 6/3/70 
35 10 2 11.4 4 14 10.0 — 5.0 Min. 6/3/70 
42a 2 1 11.4 3 0 18.1 60.0 5.0 Min. 6/4/70 

42a 10 2 11.4 3 0 18.1 — 5.0 Min. 6/4/70 
50 4 1 22.2 3 0 10.0 70.0 5.0 Min. 6/9/70 
50 10 2 22.2 3 0 10.0 " 5.0 Min. 6/9/70 

o 
c\ 



TABLE A. 1-7^ (Continued) 

Run Pressure Transd.* Aspect Condition** 2" Steady Static Settling Time Date 
# Tap Ratio State Tim. Voltage in Tank 

(Min. Sec.) Before Firing 

55 6 1 22.2 1 1 54.0 91.0 5.0 Min. 6/9/70 
55 10 2 22.2 1 1 54.0 — 5.0 Min. 6/9/70 
60 8 1 22.2 2 4 32.0 105.0 7.0 Min. 6/10/70 
60 10 2 22.2 2 4 32.0 — 7.0 Min. 6/10/70 
66 8 1 22.2 5 0 4.4 100.0 5.0 Min. 6/18/70 
66 10 2 22.2 5 0 4.4 — —  5.0 Min. 6/18/70 

*1 - PM399TG differential transducer 
2 - UGP4-2 reference transducer 

**Condition 1 - porous plug was 1/8" thick sintered bronze (grade 100) 
Condition 2 - porous plug was 1/4" thick sintered bronze (grade 100) 
Condition 3 - porous plug was 3 layers of mesh 210 copper wire cloth 
Condition 4 - porous plug was 1/8" thick sintered bronze (grade 100) with modeling clay packing 
Condition 5 - porous plug was 1 layer of mesh 210 copper wire cloth 

NOTE: 2" steady state time is the time measured by a stop watch for the established head to drop. 
2" in the supply reservoir once steady state conditions existed. 
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Run # 

Book # 

TABLE A.2 

DATA FORMAT FOR COLLECTION OF DATA 

Pressure Tap 

Aspect Ratio 

Date 

Transducer Time Delay Before Firing_ 

Bar. Press._ 

Atm. Temp. 

Volts/cm Time/cm 

. 2  

.4 

. 6  

. 8  

.10 

.12 

.1 

.3 

.5 

.7 

.9 

.11 

Recorder 

'Attenuation = 

Suppression = 

Gauge Factor = 

Paper Speed = 

Reading Before Loading = 

Reading After Loading = 

Reading After Test = 

2" Steady State Time = 

Height of Head in Tank = 

Dimension of Tank = 

Dimension of Channel = 

Distance from Pressure Tap 
Hole to Actual Diaphragm = 

Oscilloscope 

Voltage Before Loading 

Voltage After Loading = 

Voltage After Test = 

TRANSIENT FLUID DYNAMIC STUDIES 
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TABLE A.3 

GENERAL DESCRIPTION OF INVESTIGATION 

Transient Fluid Dynamic Runs 

Runs 1 through 5 - Condition 1 Aspect Ratio 11 .4 to 1 4560 

Runs 6 through 10 - Condition 2 Aspect Ratio 11 .4 to 1 1680 

Runs 11 through 14 - Condition 2 Aspect Ratio 7 .8 to 1 1700 

Runs 15 through 18 - Condition 1 Aspect Ratio 7 .8 to 1 7420 

Runs 21 through 26 - Condition 3 Aspect Ratio 7 .8 to 1 31890 

Runs 27 through 31 - Condition 4 Aspect Ratio 7 .8 to 1 1200 

Runs 32 through 36 - Condition 4 Aspect Ratio 11.4 to 1 680 

Runs 37 through 42 - Condition 3 Aspect Ratio 11 .4 to 1 29380 

Runs 46 through 51 - Condition 3 Aspect Ratio 22 .2 to 1 28700 

Runs 52 through 57 - Condition 1 Aspect Ratio 22 .2 to 1 2475 

Runs 58 through 63 - Condition 2 Aspect Ratio 22 .2 to 1 1055 

Runs 64 through 69 - Condition 5 Aspect Ratio 22 .2 to 1 64300 

Condition Aspect Ratio Pressure Taps 

7.8 4 6 8 12 
1 11.4 2 4 6 8 12 

22.2 2 4 6 8 10 12 

7.8 4 6 8 12 
2 11.4 2 4 6 8 12 

22.2 2 4 6 8 10 12 

7.8 2 4 6 8 10 12 
3 11.4 2 4 6 8 10 12 

22.2 2 4 6 8 10 12 

7.8 4 6 8 10 12 
4 11.4 4 6 8 10 12 

22.2 

7.8 
5 11.4 

22.2 2 4 6 8 10 12 
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TABLE A.4 

NON-DIMENSIONAL PRESSURES 

High Reynolds Numbers 

Pressure x/D P-P Vel 
pv2  P-P 

Tap 
n o 

(channel) 
(ft/sec) 

pv2  o Tap 
@ s. s. 
(psi) 

(channel) 
(ft/sec) 2gc pV2/2gc 

2 0.62 0.332 4.96 0.166 2.00 
4 2.48 0.328 5.03 0.142 2.30 

Condition 3 6 7.44 0.497 4.96 0.166 2.99 
Aspect 8 12.40 0.620 4.99 0.168 3.69 
Ratio 7.8 10 17.36 0.711 5.00 0.169 4.22 

12 27.28 0.943 5.00 0.169 5.59 

2 0.59 0.362 4.37 0.128 2.82 

Condition 3 
Aspect 
Ratio 11.4 

4 
6 

2.36 
7.09 

0.398 
0.510 

4.41 
4.41 

0.131 
0.131 

3.04 
3.90 

Condition 3 
Aspect 
Ratio 11.4 

8 11.82 0.600 4.35 0.127 4.72 

Condition 3 
Aspect 
Ratio 11.4 

10 16.55 0.740 4.36 0.128 5.79 
12 26.00 1.110 4.38 0.129 8.59 

2 0.57 0.387 4.15 0.116 3.34 

Condition 3 
Aspect 
Ratio 22.2 

4 
6 

2.30 
6.89 

0.465 
0.610 

4.15 
4.15 

0.116 
0.116 

4.01 
5.26 

Condition 3 
Aspect 
Ratio 22.2 

8 11.48 0.698 4.15 0.116 6.02 

Condition 3 
Aspect 
Ratio 22.2 10 16.08 0.830 4.19 0.118 7.02 

- 12 25.27 1.110 4.15 0.116 9.58 

2 0.57 0.650 9.22 0.524 1.24 

Condition 5 
Aspect 
Ratio 22.2 

4 
6 

2.30 
6.89 

0.670 
0.795 

9.22 
9.22 

0.524 
0.524 

1.28 
1.51 

Condition 5 
Aspect 
Ratio 22.2 

8 11.48 0.865 9.43 0.598 1.65 

Condition 5 
Aspect 
Ratio 22.2 

10 16.08 0.870 9.43 0.598 1.66 
12 25.27 1.052 9.22 0.524 2.01 
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TABLE A.4—(Continued) 

NON-DIMENSIONAL PRESSURES 

Low Reynolds Numbers 

Pressure P-P Vel PV2 

TJ
 1 •d
 

o 

Tap 
o 

@s .s. 
(psi) 

(channel) 
(ft/sec) 

2*c pV2/2gc 

2 0.62 — — — — 

4 2.48 0.597 1.169 0.0092 64.87 

Condition 1 6 7.44 0.730 1.158 0.0090 80.89 
Aspect 

Ratio 7.8 8 12.40 0.870 1.125 0.0085 102.16 

10 17.36 — — — — 

12 27.28 1.233 1.218 0.0099 123.56 

2 0.59 0.507 0.692 0.0032 157.34 

4 2.36 0.553 0.686 0.0032 174.63 

Condition 1 6 7.09 0.751 0.687 0.0032 236.34 
Aspect 

Ratio 11.4 
8 11.82' 0.880 .0.694 0.0032 271.65 

10 16.55 — — — — 

12 26.00 1.210 0.680 0.0031 388.79 

2 0.57 0.507 0.377 0.0009 529.39 

4 2.30 0.583 0.361 0.0009 .665.37 

Condition 1 6 6.89 0.786 0.367 0.0009 866.11 
Aspect 

Ratio 22.2 
8 11.48 0.870 0.364 0.0009 975.66 

10 16.08 1.043 0.361 0.0009 1190.37 

12 25.27 1.270 0.343 0.0008 1604.34 



TABLE A.5 

TIME REQUIRED TO REACH STEADY STATE 

Run # Pressure Re Time to s.s. Condition Aspect Ratio 
Tap 

s • s • 
(millisec.) 

1 8 4644 350.0 1 11.4 
la 8 4656 365.0 1 11.4 
2 6 4644 290.0 1 11.4 
2a 6 4611 310.0 1 11.4 
3a 12 4556 390.0 1 11.4 
4 4 4486 305.0 1 11.4 
5 2 4644 310.0 1 11.4 
6 12 1832 360.0 2 11.4 
7 8 1736 350.0 2 11.4 
8 6 1681 380.0 2 11.4 
9 4 1614 470.0 2 11.4 
10 2 1604 300.0 2 11.4 
11c 12 • 1604 405.0 2 7,8 
12b 8 1587 325.0 2 7.8 
13 6 1558 370.0 2 7.8 
14c 4 1508 330.0 2 7.8 
.15 12 7770 390.0 1 7.8 
16 8 7182 330.0 1 7.8 
17 6 7393 280.0 1 7.8 
18a 4 7466 340.0 1 7.8 
21 12 31685 510.0 3 7.8 
22 8 32089 540.0 3 7.8 
23a 6 31685 520.0 3 7.8 
24 4 32089 480.0 3 7.8 
25 2 31953 540.0 3 7.8 
26 10 31953 610.0 3 7.8 
27a 10 1236 320.0 4 .7.8 
28 12 1228 340.0 4 7.8 
29a 8 1187 325.0 4 7.8 
30b 6 1186 325.0 4 7.8 
31 4 1186 300.0 4 7.8 
32b 12 678.7 325.0 4 11.4 
33 10 684.0 350.0 4 11.4 
34b 8 622.8 360.0 4 11.4 
35 6 622.8 350.0 4 11.4 
36 4 615.6 — 4 11.4 
37a 12 29412 560.0 3 11.4 
38 10 29249 590.0 3 11.4 
39 a 8 29575 530.0 3 11.4 
40a 6 29575 500.0 3 11.4 
41 4 29575 460.0 3 11.4 
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TABLE A. 5—-(Continued) 

Run # Pressure Re Time to s.s. Condition Aspect Ratio 
Tap 

s • s • 
(millisec.) 

46 8 28662 520.0 3 22.2 
47 12 28662 540.0 3 22.2 
48 10 28951 560.0 3 22.2 
49 6 28662 480.0 3 22.2 
50a 4 28662 420.0 3 22.2 
51b 2 28662 450.0 3 22.2 
52a 12 2369 300.0 1 22.2 
53a 10 2492 355.0 1 22.2 
54a 8 2514 320.0 1 22.2 
55a 6 2536 260.0 1 22.2 
58a 12 1077 420.0 2 22.2 
59a 10 1058 365.0 2 22.2 
60a 8 1050 360.0 2 22.2 
61a 6 1038 350.0 2 22.2 
62 4 1035 300.0 2 22.2 
64a 12 — 1120.0 5 22.2 
65a 10 66656 940.0 5 22.2 
66 8 65141 1060.0 5 22.2 
67 6 63693 1100.0 5 22.2 
68a 4 63693 1080.0 5 22.2 
69 2 63693 1100.0 5 22.2 
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Data Reduction of High Reynolds Number Runs 

Other than the time required to reach steady state, the informa

tion needed for presenting the experimental results in a meaningful 

manner consisted of determining the Reynolds number, the pressure-time 

and pressure-position relationships, and, in some cases, the peak 

pressure drop for each test run. In addition, for the higher Reynolds 

number runs the "velocity head" information was determined through a 

reduction of data obtained from the Polaroid photographs. The method 

used for reducing the data is discussed in Section 4.6. Table A.6 

presents the reduced data for high Reynolds number runs, and Table A.7 

presents the reduction involved in obtaining the velocity head informa

tion assuming,turbulent or laminar flow. These results were discussed 

in Chapter VI. 

Data Reduction of Low Reynolds Number Runs 

The data reduction for low Reynolds numbers consisted of essen

tially the same type of calculations, etc. as that required for the 

higher Reynolds numbers. The information is provided in Table A.8 for 

Reynolds numbers between 623 and 7770. 

Fourier Analysis Reduction 

The principle of a Fourier analysis is that a given arbitrary 

function of a real variable, time in this case, with the only restric

tion that f(t) is finite and integrable in the interval 0 < t < 2 , can 

be represented as a sum of sine and cosine functions in which the ampli

tudes of the functions are determined by the Fourier analysis. The time 

period in the present investigation corresponds to the time period from 
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TABLE A.6 

DATA REDUCTION - HIGH REYNOLDS NUMBERS 

Run # Pressure 
Tap 

Static 
Pressure 

Steady State 
Dynamic Pressure 

Aspect 
Ratio 

£̂s.s.(exp.) 

21 12 1.22 psi 0.917 psi 7.8 31685 
21a 12 1.24 0.943 7.8 32787 
22 8. 0.920 0.620 7.8 32089 
22a 8 0.900 0.595 7.8 31685 
23a 6 0.753 0.497 7.8 31685 
24 4 0.547 0.328 7.8 32089 
25 2 0.540 0.332 7.8 31953 
26 10 1.042 0.711 7.8 31953 
37a 12 1.300 1.110 11.4 29412 
38 10 1.046 0.740 11.4 29249 
39 8 0.860 0.570 11.4 28772 
39a 8 0.882 0.600 11.4 29575 
40 6 0.735 0.508 11.4 29575 
41 't 0.581 0.398 11.4 29575 
42 2 0.515 0.364 11.4 29412 
42a 2 0.515 0.362 22.2 29249 
47 12 1.270 1.110 22.2 28662 
46 8 0.893 0.698 22.2 28662 
46a 8 0.915 0.713 22.2 28662 
48 10 1.028 0.830 22.2 28951 
49 6 0.782 0.610 22.2 28662 
49a 6 0.760 0.597 22.2 28662 
50 4 0.600 0.460 22.2 28662 
50a 4 0.610 0.465 22.2 28662 
51 2 0.520 0.382 22.2 28662 
51b 2 0.525 0.387 22.2 28662 
64 12 1.280 1.035 22.2 63695 
65 12 1.280 1.052 22.2 63695 
65a 10 1.035 0.866 22.2 66656 
65b 10 1.030 0.870 22.2 66656 
66 8 0.856 0.865 22.2 65141 
66a 8 0.872 0.865 22.2 65141 
67 6 0.745 0.789 22.2 63693 
67a 6 0.754 0.795 22.2 63693 
68 4 0.600 0.670 22.2 63693 
68a 4 0.625 0.670 22.2 63693 
69 2 0.550 0.660 22.2 63693 
69a 2 0.532 0.650 22.2 63693 
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TABLE A.7 

VELOCITY HEAD DATA REDUCTION 

Assumed Turbulent Flow 

Run # 
Pressure 

Tap 
fL/Dh V2 

V2 Ŝvel hd 
Re 
exp 

% diff. 

37a 12 .598 17.67 4.20 28218 29412 4.1 
38 10 .380 32.95 5.74 38565 29249 24.2 
39a 8 .272 32.95 5.74 38565 29575 23.3 
39 8 .272 33.88 5.82 39102 28772 26.4 
40a 6 .163 28.37 5.32 35743 29575 17.3 
41 4 .0545 25.79 5.08 34131 29575 13.3 
42a 2 .0136 22.43 4.74 31846 29249 8.2 
21a 12 .619 27.26 5.22 33430 32787 1.9 
26 10 .398 — — — — — 

22 8 .283 34.75 5.89 37720 32089 14.9 
22a 8 .283 35.33 5.94 38041 31685 16.7 
23a 6 .170 32.52 5.70 36504 31685 13.2 
24 4 .0564 30.81 5.55 35543 32089 9.7 
25 2 .0141 30.48 5.52 35351 — — 

46 8 .2675 22.75 4.77 32984 28662 13.1 
46a 8 .2675 23.68 4.86. 33607 28662 14.7 
47 12 .5886 15.53 3.94 27245 28662 5.0 
48 10 .3747. 21.40 4.62 31947 28951 9.4 
48a 10 .3747 21.40 4.62 31947 28951 9.4 
49 6 .160 22.04 4.70 32500 28662 11.8 
50 4 .0536 19.75 4.44 30702 28662 6.7 
50a 4 .0536 20.45 4.52 31256 28662 8.3 
51 2 .0134 20.24 4.50 31117 28662 7.9 
51b 2 .0134 20.24 4.50 31117 28662 7.9 
64 12 .4976 102.71 10.13 70049 63693 9.1 
64a 12 .4976 104.39 10.22 70671 63693 9.9 
65a 10 .3168 97.74 9.88 68320 66656 2.4 
65b 10 .3168 98.19 9.90 68458 66656 2.6 
66 8 .2261 104.84 10.24 70809 65141 8.0 
66a 8 .2261 104.84 10.24 70809 65141 8.0 
67 6 .1357 103.25 10.16 70256 63693 9.4 
67a 6 .1357 104.03 10.20 70533 63693 9.7 
68 4 .0453 95.26 9.76 67490 63693 5.6 
68a 4 .0453 95.26 9.76 67490 63693 5.6 
69 2 .0113 97.00 9.84 68043 63693 6.4 
69a 2 .0113 95.52 9.77 67559 63693 5.7 
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TABLE A.7—(Continued) 

VELOCITY HEAD DATA REDUCTION 

Assumed Laminar Flow 

Run // 
Pressure 

Tap 
fL/Dh v2 

V2 
Re .. ,, 
vel hd 

Re 
exp 

% diff. 

37a 12 .0212 27.65 5.26 35340 29412 16.8 
38 10 .0136 44.87 6.70 45015 29249 35.0 
39a 8 .0096 41.51 6.44 43268 29575 31.7 
39 8 .0098 42.68 6.53 43873 28772 34.4 
40a 6 .0057 32.80 5.72 38431 29575 23.0 
41 4 .0019 27.14 5.20 34937 29575 15.4 
42a 2 .0005 22.73 4.76 31981 29249 8.6 
21a 12 .0200 43.27 6.58 42139 32787 22.2 
26 10 — — — — — — 

22 8 .0093 44.17 6.64 42524 32089 24.5 
22a 8 .0094 44.90 6.70 42908 31685 26.2 
23a 6 .0056 37.83 6.15 39385 31685 19.6 
24 
9 ̂ 

4 
o 

.0018 32.49 5.70 36504 32089 12.1 
Z.D 

46 
£. 

8 .0096 28.56 5.34 36926 28662 22.4 
46a 8 .0096 29.73 5.44 37617 28662 23.8 
47 12 .0211 24.16 4.91 33952 28662 15.6 
48 10 .0133 29.04 5.38 37202 28951 22.2 
48a 10 .0133 29.04 5.38 37202 28951 22.2 • 
49 6 .0058 25.41 5.04 34851 28662 17.8 
49a 6 .0058 24.08 4.90 33883 28662 15.4 
50 4 .0019 20.77 4.55 31463 28662 8.9 
50a 4 .0019 21.51 4.63 32016 28662 10.5 
51 2 .0005 20.50 4.52 31256 28662 8.3 
51b 2 .0005 20.50 4.52 31256 28662 8.3 
64 12 .0095 152.37 12.35 85400 63693 25.4 
65a 10 .0058 127.96 11.30 78139 66656 14.7 
65b 10 .0058 128.55 11.34 78416 66656 15.0 
66 8 .0042 128.01 11.31 78208 65141 16.7 
66a 8 .0042 128.01 11.31 78208 65141 16.7 
67 6 .0026 116.95 10.81 74751 63693 14.8 
67a 6 .0026 117.84 10.85 75027 63693 15.1 
68 4 .0009 99.48 9.97 68942 63693 7.6 
68a 4 .0009 99.48 9.97 68942 63693 7.6 
69 2 .0002 98.07 9.90 68458 63693 7.0 
69a 2 .0002 96.58 9.83 67974 63693 6.3 
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TABLE A.8 

DATA REDUCTION - LOW REYNOLDS NUMBERS 

Run # Pressure Static Aspect 
£̂s.s.(exp) Tap Pressure Ratio £̂s.s.(exp) 

3a 12 11.4 4556 
1 8 0.880 psi 11.4 4644 
2 6 0.760 11.4 4644 
4 4 — 11.4 4486 
5 2 0.514 11.4 4644 
6 12 1.255 11.4 1832 
7 8 0.874 11.4 1736 
9 4 0.621 11.4 1614 
10 2 0.485 11.4 1604 
12b 8 0.865 7.8 1587 
13 6 0.753 7.8 1558 
14 c 4 0.600 7.8 1508 
15 /12 1.255 7.8 7770 
16 (. 8 0.860 7.8 7182 
17 6 0.745 7.8 7393 
18a 4 0.616 7.8 7466 
28 12 1.345 7.8 1228 
27a 10 1.025 7.8 1236 
29a 8 0.870 7.8 1187 
30 6 0.695 7.8 1165 
31 4 0.590 7.8 1186 
32b 12 1.297 11.4 678.7 
33 10 1.080 11.4 684,0 
34b 8 0.870 11.4 622.8 
35 6 0.720 11.4 622.8 
36 4 0.580 11.4 615.6 
52 12 1.280 22.2 2369 
53 10 1.052 22.2 2388 
54a 8 0.871 22.2 2514 
55a 6 0.790 22.2 2536 
56 4 0.621 22.2 2492 
57 2 0.513 22.2 2606 
58a 12 . 1.300 22.2 1077 
59a 10 1.070 22.2 1058 
60 a 8 0.906 22.2 1050 
61a 6 0.760 22.2 1038 
62 4 0.610 22.2 1035 
63 2 0.530 22.2 1024 
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initiation of flow to the point at which steady state conditions exist. 

A mathematical representation of the amplitudes to be determined in the 

present problem would appear as shown in Equations A.l and A.2, where 

the f(t) is the actual transient pressure-time curve obtained experimen

tally. 

/27r f (t) sin — dt 
A = -5 T 1 (A.l) 
n f2iT . 2 nit / sin dt 

o x 

/•2l[ — > v X17T t , 
/ f(t) cos dt 

B = -£ 5 —^ (A.2) 
n .2tt 2 nirt 

f cos dt 
o t 

The present analysis, however, utilized only the sine function in 

analyzing the basic transient response curve. 

The Fourier analysis for the low Reynolds number run (Re = 1604, 

Run = 11c) was performed by using 25 points over a 500 millisecond range 

as input into a computer program which solved for the coefficients of 

the sine functions associated with the different harmonics of the basic 

transient curve. A numerical integration was performed by the computer 

using a simple subroutine involving the use of Simpson's Rule. The 

computer output is presented as Table A.9 in which the first five 

harmonics are represented. It should be noted, however, that the first 

ten harmonics were used in plotting the resulting curve presented in 

Chapter VI. 

The Fourier analysis of the high Reynolds number run (Re = 

29412, Run = 37a) was completed using 20 points over an 800 millisecond 
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TABLE A.9 

COMPUTER OUTPUT - FOURIER ANALYSIS 
RUN 11c Re = 1604 

Time Harmonic Coefficient A sin (ojt) 
(millisec) (Eigen-number) (amplitude) 

n 

20 1 6.88 0.86 
20 2 7.76 1.93 
20 3 6.52 2.40 
20 4 4.50 2.17 
20 5 3.72 2.18 
40 1 6.88 1.71 
40 2 7.76 3.74 
40 3 6.52 4.46 
40 4 4.50 3.80 
40 5 3.72 3.53 
60 1 6.88 2.53 
60 2 7.76 5.31 
60 3 6.52 5.90 
60 4 4.50 4.49 
60 5 3.72 3.54 
80 1 6.88 3.31 
80 2 7.76 6.55 
80 3 6.52 6.50 
80 4 4.50 4.07 
80 5 3.72 2.18 
100 1 6.88 4.04 
100 2 7.76 7.38 
100 3 6.52 6.20 
100 4 4.50 ' 2.64 
100 5 3.72 0.00 
120 1 6.88 4.71 
120 2 7.76 7.74 
120 3 6.52 5.02 
120 4 4.50 0.56 
120 5 3.72 -2.18 
140 1 6.88 5.30 
140 2 7.76 7.62 
140 3 6.52 3.14 
140 4 4.50 -1.65 
140 5 3.72 -3.53 
160 1 6.88 5.81 
160 2 7.76 7.02 
160 3 6.52 0.82 
160 4 4.50 -3.47 
160 5 3.72 -3.54 
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TABLE A.9—(Continued) 

Time Harmonic Coefficient A sin (wt) 
(millisec) (Eigen-number) (amplitude) 

n 

180 1 6.88 6.22 
180 2 7.76 5.98 
180 3 6.52 -1.62 
180 4 4.50 -4.42 
180 5 3.72 -2.18 
200 1 6.88 6.54 
200 2 7.76 4.56 
200 3 6.52 -3.83 
200 4 4.50 -4.28 
200 5 3.72 -0.00 
220 1 6.88 6.76 
220 2 7.76 2.86 
220 3 6.52 -5.50 
220 4 4.50 -3.08 
220 /̂ — 5 3.72 2.18 
240 1 6.88 6.87 
240 2 7.76 0.97 
240 3 6.52 -6.40 
240 4 4.50 -1.11 
240 5 3.72 3.53 
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range as the input into the program. The output is shown in Table A.10. 

It should be noted that the more points available for the numerical 

integration, the better the resulting curve. For this reason, the 

resulting curve obtained through the analysis for the high Reynolds 

number run was not as close to the actual transient curve as that 

obtained for the low Reynolds number run. A list of the computer 

program used for the analysis is included as Table A.11. 

Reproducibility of Data 

It was of concern to the author to commence each transient run 

with the same initial conditions with respect to the hydrostatic head. 

Section 4.1 of the report discusses the significance of this condition 

being achieved,'and gives the percentages within which the initial 

values were constant. The tabulated initial values of each run with 

respect to the reference transducer, and the two methods of recording, 

are included in Tables A.12, A.13, and A.14 respectively. 
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TABLE A.10 

COMPUTER OUTPUT - FOURIER ANALYSIS 
RUN 37a Re = 29412 

Time Harmonic Coefficient A sin (wt) 
(millisec) (Eigen-number) (amplitude) n 

40 1 43.43 6.79 
40 2 19.01 5.87 
40 3 29.31 13.30 
40 4 11.31 6.65 
40 5 15.57 11.01 
80 1 43.43 . 13.42 
80 2 19.01 11.18 
80 3 29.31 23.71 
80 4 11.31 10.76 
80 5 15.57 15.57 

120 1 43.43 19.72 
120 2 19.01 15.38 
120 3 29.31 28.95 
120 4 11.31 10.76 
120 5 15.57 11.01 
160 1 43.43 25.53 
160 2 19.01 18.08 
160 3 29.31 27.87 
160 4 11.31 6.65 
160 5 15.57 0.00 
200 1 43.43 30.71 
200 2 19.01 19.01 
200 3 29.31 20.73 
200 4 11.31 0.00 
200 5 15.57 -11.01 
240 1 43.43 35.13 
240 2 19.01 18.08 
240 3 29.31 9.06 
240 4 11.31 -6.65 
240 5 15.57 -15.57 
280 1 43.43 38.69 
280 2 19.01 15.38 
280 3 29.31 -4.58 
280 4 11.31 -10.76 
280 5 15.57 -11.01 
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TABLE A.10—(Continued) 

Time Harmonic Coefficient A sin (cot) 
(millisec) (Eigen-number) (amplitude) n 

320 1 43.43 41.30 
320 2 19.01 11.18 
320 3 29.31 -17.22 
320 4 11.31 -10.76 
320 5 15.57 -0.00 
360 1 43.43 42.89 
360 2 19.01 5.88 
360 3 29.31 -26.11 
360 4 11.31 -6.65 
360 5 15.57 11.01 
400 1 43.43 43.43 
400 2 19.01 0.00 
400 3 29.31 -29.31 
400 4 11.31 -0.00 
400 5 15.57 15.57 



TABLE A.11 

COMPUTER PROGRAM - FOURIER ANALYSIS 

PROGRAM MAIN (INPUT,OUTPUT) 
DIMENSION A(30),B(30),X(30),Y(30),XF(25),AAREA(30),SINA(30,30), 

1 TERMS(30,30),COEA(30) 
COMMON A,B,X,Y,XF,AAREA,SINA,TERMS,COEA 
READ 30, (XF(J), J=l,25) 

30 FORMAT (8F10.2) 
NPTS = 25 
NH = 25 
TAU = 500.0 
A = TAU/NPTS 
PI = 3.1415 
DO 1 I = 1,NH 
DO 2 J = 1,NPTS 
NP = 20*J 
SINA(J,I) = SIN(I*PI*NP/TAU) 
X(J) = XF(J)*SINA(J,I) 

2 CONTINUE 
CALL SIMP QCyNPTS,A,AAREA(I)) 
COEA(I) = (2.0*AAREA(I))/TAU 

1 CONTINUE 
DO 49 J=1,NPTS 
DO 50 1=1,NH 
TERMS(J,I) = COEA(I)*SINA(J,I) 

50 CONTINUE 
49 CONTINUE 

PRINT 60 
60 FORMAT (10X,*TIME(NPTS)*,20X,*EIGEN*,20X,*C0EA(I)*,20X, 

1*SIN(WT)*,20X,*ANSIN(WT)*, /) 
DO 3 1=1,NPTS 
J = 1*20 
DO 3 1=1,NPTS 
J = 1*20 
DO 3 K=1,NH 

3 PRINT 61, (J,K,COEA(K),SINA(I,K),TERMS(I,K)) 
DO 4 1=1,NPTS 
J=I*20 
SUM = 0.0 
DO 5 K=l,NH 

5 SUM = SUM + TERMS(I,K) 
4 PRINT ' 7, (J,SUM) 
7 FORMAT (10X,I3,20X,F10.4,/) 

61 FORMAT (10X,13,20X,14,20X,F10.4,20X,F10.4,20X,F10.4) 
END 



TABLE A.11—(Continued) 

SUBROUTINE SIMP(X,I,A,AAREA) 
DIMENSION X(I) 
SUM =0.0 
N = (1-2)/2 
DO 70 J=1,N 

70 SUM = SUM + 4.0*X(2*J) + 2.0*X(2*J+1) 
AAREA = A/3.0*(X(1) + SUM + 4.0*X(I-1) + X(I) 
RETURN 
END 
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TABLE A.12 

REPRODUCIBILITY OF INITIAL CONDITIONS 
(REFERENCE PRESSURE TAP #10) 

Pressure Sanborn 
Run # Taps Studied Recorder 

Deflection 

1 8 and 10 7.50 cm 
la 8 and 10 7.60 cm 
2 6 and 10 7.70 cm 
2a 6 and 10 7.20 cm 
3 12 and 10 7.60 cm 
3a 12 and 10 7.80 cm 
4 4 and 10 7.67 cm 
4a 4 and 10 7.70 cm 
5 2 and 10 7.80 cm 
5a 2 and 10 7.30 cm 
6 12 and 10 8.00 cm 
6a 12 and 10 7.90 cm 
7 8 and 10 7.80 cm 
7a 8 and 10 7.70 cm 
8 6 and 10 7.80 cm 
9 4 and 10 7.90 cm 
9a 4 and 10 7.80 cm 
10 2 and 10 7.60 cm 
11 12 and 10 7.25 cm 
11a 12 and 10 7.50 cm 
lib 12 and 10 7.60 cm 
11c 12 and 10 7.80 cm 
12 8 and 10 6.90 cm 
12a 8 and 10 7.80 cm 
12b 8 and 10 7.60 cm 
13 6 and 10 7.70 cm 
14 4 and 10 7.70 cm 
14a 4 and 10 7.90 cm 
14b 4 and 10 7.80 cm 
14c 4 and 10 7.70 cm 
15 12 and 10 7.80 cm 
15 a 12 and 10 7.60 cm 
15b 12 and 10 7.70 cm 
16 8 and 10 7.70 cm 
17 6 and 10 7.70 cm 
17a 6 and 10 7.70 cm 
18 4 and 10 7.70 cm 
18a 4 and 10 7.60 cm 
19 12 and 10 7.70 cm 
19a 12 and 10 7.60 cm 

Run # 
Pressure 

Taps Studied 
Sanborn 
Recorder 

Deflection 

21 12 and 10 7.50 cm 
21a 12 and 10 7.50 cm 
21b 12 and 10 7.50 cm 
22 8 and 10 7.50 cm 
22a 8 and 10 7.60 cm 
23 6 and 10 7.50 cm 
23a 6 and 10 7.50 cm 
24 7 and 10 7.60 cm 
25 2 and 10 7.65 cm 
28 12 and 10 8.20 cm 
29 8 and 10 7.60 cm 
29a 8 and 10 7.60 cm 
30 6 and 10 7.60 cm 
30a 6 and 10 7.60 cm 
30b 6 and 10 7.60 cm 
31 4 and 10 7.50 cm 
32 12 and 10 7.40 cm 
32a 12 and 10 7.50 cm 
32b 12 and 10 7.60 cm 
34 8 and 10 7.60 cm 
34a 8 and 10 7.60 cm 
34b 8 and 10 7.70 cm 
35 6 and 10 7.70 cm 
36 4 and 10 7.60 cm 
37 12 and 10 7.50 cm 
37 a 12 and 10 7.60 cm 
39 8 and 10 7.70 cm 
39a 8 and 10 — 

40 6 and 10 7.70 cm 
40a 6 and 10 7.70 cm 
41 4 and 10 7.70 cm 
42 2 and 10 7.70 cm 
42a 2 and 10 7.70 cm 
43 12 and 10 7.50 cm 
44 10 and 10 — 

46 8 and 10 7.40 cm 
46a 8 and 10 7.50 cm 
47 12 and 10 7.60 cm 
49 6 and 10 7.60 cm 
49a 6 and 10 7.60 cm 



TABLE A. 12—(Continued) 

Run # Pressure 
Taps Studied 

Sanborn 
Recorder 

Deflection 

50 4 and 10 7.60 cm 
v50a 4 and 10 7.60 cm 
51 2 and 10 7.60 cm 
51a 2 and 10 7.60 cm 
51b 2 and 10 7.60 cm 
52 12 and 10 7.50 cm 
52a 12 and 10 7.70 cm 
53 — — 

54 8 and 10 7.40 cm 
54a 8 and 10 7.60 cm 
55 6 and 10 7.60 cm 
55a 6 and 10 7.60 cm 
56 4 and 10 7.60 cm 
57 2 and 10 7.50 cm 
58 12 and 10 7.60 cm 
58a 12 and 10 7.60 cm 
59 — — 

60 8 and 10 7.60 cm 
60a 

' o l  
8 and 10 7.65 cm 60a 

' o l  6 and 10 7.70 cm 
61a 6 and 10 7.50 cm 
62 4 and 10 7.60 cm 
63 2 and 10 7.60 cm 
64 12 and 10 7.60 cm 
66 8 and 10 7.60 cm 
66a 8 and 10 7.60 cm 
67 6 and 10 7.60 cm 
67a 6 and 10 7.70 cm 
68 4 and 10 7.50 cm 
68a 4 and 10 7.65 cm 
69 2 and 10 7.50 cm 
69a 2 and 10 7.70 cm 



TABLE A.13 

REPRODUCIBILITY OF INITIAL CONDITIONS 
VARIOUS PRESSURE TAPS USING OSCILLOSCOPE 

VOLTAGES MEASURED IN VOLTS 

#2 #4 #6 #8 #10 #12 

60.0 65.0 88.5 103.0 120.0 147.0 

60.0 65.0 88.5 104.0 120.0 147.0 

55.0 68.0 88.0 101.0 126.0 151.0 

56.5 67.0 87.0 104.0 122.0 151.0 

63.0 70.0 88.0. 104.0 120.0 143.0 

60.0 72.0 86.0 106.0 122.0 146.0 

60.0 72.0 88.0 101.0 123.0 181.0 

60.5 64.0 81.0 100.0 120.5 146.0 

62.0 69.0 84.0 107.5 124.0 148.0 

61.0 68.0 84.0 105.0 125.0 152.0 

60.0 70.0 86.0 101.0 120.5 144.0 

62.0 72.0 85.5 102.0 121.0 153.0 

62.0 72.5 91.0 103.0 153.8 

64.0 71.0 88.0 109.0 149.0 

70.0 91.0 102.0 150.0 

73.0 92.0 100.5 153.5 

87.5 103.0 153.0 

88.5 104.5 150.0 

88.0 107.0 150.0 

87.0 101.0 

97.5 

102.0 

105.0 

106.0 

102.0 

100.0 



TABLE A.14 

REPRODUCIBILITY OF INITIAL CONDITIONS 
VARIOUS PRESSURE TAPS USING SANBORN RECORDER 

SANBORN RECORDER DEFLECTION IN CENTIMETERS 

#2 #4 #6 #8 #10 #12 

3.20 3.50 5.00 5.80 6.40 7.90 
3.00 3.60 4.30 5.82 6.50 8.20 
3.50 4.00 4.40 5.30 6.50 8.40 
3.40 3.80 4.80 5.60 6.70 8.20 
3.40 3.80 4.80 5.60 6.70 8.00 
3.40 3.80 4.80 5.70 6.60 8.08 
3.50 3.80 4.70 5.40 6.50 8.00 
3.40 3.80 4.60 5.50 6.50 8.30 
3.30 3.80 4.20 5.30 6.40 7.90 
3.40 3.80 4.80 5.70 6.50 8.20 
3.50 3.50 5.00 5.60 6.70 8.00 
3.50 3.70 4.80 5.60 6.70 8.00 

3.80 4.80 5.50 6.60 8.20 
3.80 4.70 5.70 6.50 8.15 
3.80 4.75 5.60 6.40 8.15 
3.80 4.80 5.50 8.15 
3.80 4.90 5.45 8.40 
3.85 4.80 5.80 8.00 
3.80 4.80 5.70 8.00 
3.85 4.80 5.60 8.10 

4.80 5.50 8.25 
4.60 5.60 8.25 

5.80 8.30 
5.40 8.20 
5.60 8.20 

8.20 
8.20 
8.15 
8.05 
8.20 



APPENDIX B 

DYE-FILM STUDIES 

The 16 mm. film used for the dye studies was Kodak 7278 Tri-X 

Reversal film with both edges perforated. A timing light generator was 

utilized which placed markings on the film at a rate of 100 per second. 

This facilitated the reduction of the film data with respect to time and 

position. The initiation of flow started the dye "blob" into motion. 

As the blob moved a given distance the corresponding frames were 

recorded. The elapsed time represented by the recorded number of frames 

was determined by means of the timing marks on the film. A combination 

of the information obtained in the above manner allowed the determina

tion of the bulk velocity of the dye blob (thus the water) as a function 

of both time and position. The information obtained directly from the 

film by means of a film analyzer is presented in Table B.l. These data 

were plotted as shown in Figure B.l and Figure B.2. The time required 

to reach steady state could be represented as shown in Figure B.2. 

The reduction of data was made somewhat difficult by the fact 

that the camera film was accelerating throughout the transient run, and 

the dye blob began diffusing into the water during the run. The frame 

rate increased from 700 frames per second at the initiation of flow to 

983 frames per second at the completion of the transient run. With the 

known timing marks, a plot of the frames as a function of the frame rate 

was performed and is presented in Figure B.3. A cross plot of Figures 

133 
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TABLE B.l 

REDUCED DATA FROM FILM-DYE STUDIES 

Distance Number of Frame Time Time Velocity 
Down Duct Frames Speed Increment 

(feet) (fps) (sec.) (sec.) (ft./sec.) 

0.0208 7 - 700 0.010 0.010 2.080 
0.0417 19 710 0.027 0.017 1.238 
0.0625 26 712 0.036 0.010 2.144 
0.0833 37 719 0.051 0.015 1.387 
0.1042 48 727 0.066 0.014 1.434 
0.1250 58 732 0.079 0.013 1.576 
0.1458 68 740 0.092 0.013 1.638 
0.1667 76 745 0.102 0.010 2.059 
0.1875 86 752 0.114 0.012 1.677 
0.2083 94 757 0.124 0.010 2.122 
0.2292 109 765 0.142 0.018 1.137 
0.2500 117 771 0.152 0.010 2.261 
0.2708 126 776 0.162 0.011 1.944 
0.2917 135 782 0.173 0.010 2.039 
0.3125 147 791 0.186 0.013 1.576 
0.3333 158 797. 0.198 0.012 1.677 
0.3542 169 805 0.210 0.012 1.778 
0.3750 178 809 0.220 0.010 2.059 
0.3958 186 813 0.229 0.009 2.364 
0.4167 197 821 0.240 0.011 1.874 
0.4375 206 828 0.249 0.009 2.337 
0.4583 216 833 0.259 0.010 1.981 
0.4792 226 840 0.269 0.010 2.144 
0.5000 234 845 0.277 0.008 2.633 
0.5208 248 855 0.290 0.013 1.588 
0.5417 258 860 0.300 0.010 2.080 
0.5625 268 867 0.309 0.009 2.286 
0.5833 278 872 0.319 0.010 2.144 
0.6042 290 880 0.329 0.011 1.944 
0.6250 302 889 0.340 0.010 2.039 
0.6458 314 896 0.350 0.011 1.944 
0.6667 326 903 0.361 0.011 1.962 
0.7083 346 917 0.377 0.016 2.552 
0.7292 356 922 0.386 0.009 2.364 
0.7500 369 931 0.396 0.010 2.039 
0.7917 392 945 0.415 0.018 2.249 
0.8125 404 953 0.424 0.009 2.286 
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B.l and B.2 provides the velocity of the blob which can be expressed as 

either a function of the distance down the channel or the transient time 

to steady state. Once the velocity was known as a function of time, as 

shown in Figure B.4, it was then used as input into the computer program 

for determining from the Bernoulli equation the pressure as a function 

of time. It should be noted that due to the difficulty of determining 

the exact frames it took for the dye to move a given distance, the velo-
's 

city values obtained did not themselves plot into a smooth curve. In 

order to supply the computer with a functional velocity-time relation

ship a curve was fit through the data points. The resulting pressure-

time information is presented in Chapter VI. 
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APPENDIX C 

NUMERICAL CALCULATIONS 

Analytical Analysis 

In order to analytically describe the flow field which was 

experimentally investigated, a mathematical model for the physics of the 

fluid motion is essential. The principles of conservation of mass and 

the relation involving forces and the rate of creation of momentum are 

employed in equation form in expressing the above relationships. The 

resulting Navier-Stokes equations serve as the foundation for the mathe

matical model. Due to limited computer time available, and to the 

complexity of the equations in their most general form, certain 

idealizations of the fluid flow are necessary in order to obtain results 

in a reasonable time on the computer and still represent the physical 

case as closely as possible. 

The most important assumption is that the axial transverse 

velocity gradient, -|^, is insignificant in comparison to the other axial 

gradients (dominant direction of flow). This assumption, known as the 

boundary layer assumption, leads to the condition that the transverse 

pressure gradient is of order zero, eliminating the momentum equation in 

the transverse direction. The above assumption is justified in most 

flows where there is a dominant direction of flow and a no-slip condi

tion on the boundary or body surface. Furthermore, the boundary layer 

140 
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assumption changes the form of the equations from elliptic to parabolic 

providing advantages in obtaining a computer solution. 

A further approximation is that the flow is two-dimensional. 

With an aspect ratio of twenty-two to one (22 to 1) in a rectangular 

duct, and the fact that laminar flow can exist (although several turbu

lent Reynolds number runs were conducted experimentally), the approxima

tion closely resembles the physical situation. 

With the equations in their modified forms the mathematical 

model consists of non-linear, coupled, parabolic partial differential 

equations. 

.Su 3u 8uN v 3P /<^u\ tr i n  
p(sT + uS + v3?) • X"s;+|,<7T) <-c -» 

dy 

!S + !? * 0 <C'2> 
These equations consider flows in which body and pressure forces, wall 

friction, and time bring about the principal changes within the flow 

field. The representation of such a model for computer solutions is 

usually presented in finite difference (numerical) form. The form can 

be obtained by several methods in applying the basic principles of fluid 

flow to a given control volume. As the control volumes become smaller 

and smaller, naturally, the resulting equations in the limit approach 

the exact mathematical equations. In this investigation the flow field 

is divided into many small, but finite, adjacent control volumes as 

shown in Figure C.l. A mass and rate of change of momentum balance is 

performed on each volume from which the general finite difference 
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Figure C.l Typical Control Volume in the Node Pattern 

equations are formulated. The general equations form as a result of an 

outflow term at one control surface being used as the inflow term for 

its adjacent control volume, and so on. The principal advantage of such 

a "scheme" is that no violation of conservation principles occurs as a 

result of the grid system itself, as may occur in other methods. 

For the present study the actual nodes (grid points) were 

located at each axial surface of the control volume and midway between 

the transverse surfaces, as shown in Figure C.2. With the nodes 

positioned thusly an axial marching pattern of solution, used for para

bolic type equations, is convenient and ultimately saves computer time. 

The iterative method of solution used with such a grid system is 

discussed in Two-Dimensional Approach. 
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Figure C.2 Node Positions Relative to Control Volume Surfaces 

Although the two principal analytical assumptions have been 

discussed, a complete list of all assumptions and boundary conditions is 

important. The present investigation is a transient study of an incom

pressible, viscous fluid flowing through a rectangular vertical channel 

under the following conditions: 

1. Boundary layer assumptions apply 

2. Two-dimensional, transient flow 

3. Incompressible fluid, with water being the working medium 

4. Laminar flow, with the fluid starting from rest 

5. The flow is carried out under a constant head 

Due to the form of the differential equations being solved, four 

boundary conditions and one initial condition are required to represent 

3v 3v 
3x ' 3y 
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the unique solution. They are listed as follows and shown in Figure 

C.3. 

1. u(x,0,t) = u(x,2b,t) = 0; no-slip condition 

2. v(x,0,t) = v(x,2b,t) = 0; no flow through impermeable wall 

3. u(x,y,0) =0 or v(x,y,0) = 0; initial condition 

4. The entrance condition at the entrance to the channel, in this 
case, is assumed to be a uniform entering velocity profile. 

uC^i 

v0£ 
/ 
X 
/ 
/ 
• 
• 
• 
• 
• 
/ 

I II l id I J, 
0,t)=0 u(x,2 

0,t)=0 v(x,2 

u(x,y,0)=0 

YT 
0,t)=0 

/ 
/ 
/ 
/ 
/ 
/ 
/ 
v 
/ 

Figure C.3 Boundary Conditions for Boundary Layer Equations 

The fluid flow condition at the entrance to the channel is somewhat 

arbitrary. Although the computer program is designed to accept a 

uniform or parabolic velocity profile at the entrance, only the former 

condition was applied. 

Since the flow is transient, the complete flow field could not 

be described without a knowledge of the entrance pressure and velocity 

magnitude as a function of time. This is especially true in this case 

where the information is used as a "boundary condition" for solving the 

channel problem. To obtain such information required a correct know

ledge of the flow field in the tank, which supplied the fluid to the 

channel, as a function of time and position. However, the purpose of 
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the study was to investigate the flow field in the channel, not the 

tank. Due to the above boundary condition requirements, caused by the 

geometry of the problem, an unconventional approach to the analytical 

solution was necessary in order to closely approximate the physical 

situation, and still obtain a meaningful analytical solution in the 

channel. 

To approximate what the inlet conditions were for the channel as 

a function of time, the unsteady, frictionless Bernoulli equation was 

applied from the water surface to the channel inlet. The assumption of 

frictionless, potential flow in the tank was made because of the size 

ratio of the tank to the channel. Viscous action is visualized as 

small. The condition of the ratio of the size of the tank to the size 

of the channel also helped justify the assumption of a constant head 

throughout the transient flow. 

The applicable Bernoulli equation is 

9V **®c 
d [ / | ^ d x + y -  +  - ^  +  X ]  =  0  ( C . 3 )  

in which the integration of the unsteady term is carried out along a 

given streamline at a given instant of time starting from an arbitrary 

reference point. Upon integrating the equation one obtains 

, av V 2 P,g„ V 2 P g 

' i s l l t T t J T n 2  -  X  < c - 4 >  

This expression is applicable to two given points on a streamline in an 

unsteady flow of an incompressible fluid with conservative forces. 
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However, the unsteady term cannot be evaluated until a functional rela

tionship is determined for the velocity of the fluid as it progresses in 

both time and space from the surface of the tank to the channel inlet. 

Such a relationship would ultimately have to be obtained experimentally 

due to the geometry of the tank. However, to get reasonable starting 

values for the unsteady term to use in a numerical finite difference 

2 1/2 approach, several functional relationships (V=V(x), V(x ), V(x ), 

etc.) were tried and the one most closely representing the trend of the 

physical phenomena was utilized in the Bernoulli equation. The velocity 

2 as a function of x was used. From this, the Bernoulli equation was 

solved for the pressure P£ at the inlet to the channel as a function of 

time. It should be noted that, as will be shown later in the explana

tion of the finite difference technique used, the foregoing method of 

calculating is uer^d simply to furnish reasonable starting input 

values for the full finite difference program. 

With the pressure distribution from the tank as a function of 

time, the inlet conditions to the channel were known (the velocity 

distribution being specified as 1.0 through the use of non-dimension-

ality). 

In reviewing the overall transient problem it is clear that at a 

given time there must correspond a given velocity and pressure distribu

tion, thus a given (transient) Reynolds number, which uniquely satisfy 

the appropriate equations. The equations cannot be satisfied by only 

specifying one of the three conditions and trying to solve for the other 

two. An iterative type process is necessary in order to meet all 

conditions. It is therefore necessary that one condition (time for 
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example) be specified, and another condition assumed (Reynolds number 

for a given time increment) so that the third variable (pressure) can be 

determined from the equations. The latter two conditions are then 

checked for compatibility and iterated upon until agreement is achieved. 

However, doing this for the two-dimensional, viscous, transient case 

would require phenomenal computer time without some guide as to what the 

Reynolds number "guesses" should be as a function of time. One such 

guide would be to solve the equations using a simple one-dimensional 

approach. The following section discusses such a method. 

One-Dimensional Solution 

A one-dimensional approach to solving complex viscous fluid flow 

problems provides constructive information pertaining to the gross 

behavior of the fluid and flow properties involved. It is the purpose 

of this section to discuss' the transient, incompressible, viscous, fluid 

flow in the channel from a simple one-dimensional point of view. 

The one-dimensional approach includes shear, pressure, and body 

forces, along with rates of change of momentum, from a global point of 

view, as given in Figure C.4. By a one-dimensional flow the author 

means a flow in which all fluid properties and velocity are uniform over 

any cross section of the duct. Or, more strictly, a flow in which the 

rate of change of fluid properties normal to the streamline direction is 

negligibly small compared with the rate of change along the streamline. 

The equations are therefore simplified to the point that the pressure 

gradient can be expressed in terms of the shear stresses, body forces, 

and momentum flux terms. Viscosity is the fluid property that causes 



148 

Figure C.4 Control Volume for Momentum Balance 

shear stresses in a fluid. For one-dimensional laminar flow, Newton's 

law of viscosity provides the relation between shear stress and velocity 

gradient. However, to retain a one-dimensional expression the velocity 

gradient must be presented in terms of the friction factor through the 

relation 

w 
9u I _ « 1 r,2 

y 3y 'wall 2 p V (C.5) 

resulting in a pressure gradient that is solely a function of axial 

velocity and friction factor. 

AP = Ax - f Ax - p Ax 
gc gcb at 

(C.6) 

In non-dimensionalizing the parameters the transient pressure gradient 

is then expressed in terms of the friction factor, non-dimensional 
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velocity, and Reynolds number. It should be pointed out that the non-

dimensionalization is performed such that the Reynolds number is a bulk 

value, but still "local" with respect to time. To be able to solve for 

the non-dimensional pressure gradient as a function of time, the 

friction factor must be known as a function of time. Since such a 

relationship is not available prior to solving the problem a further 

modification is necessary. The fully developed friction factor in 

laminar flow is expressed as a direct function of the Reynolds number 

(i.e., 24/Re for parallel plates). Although the present one-dimensional 

study pertains to developing flow, an estimate of the pressure gradient 

could be obtained by assuming fully developed flow. In such a case, the 

equations would then be expressed strictly in terms of pressure, 

velocity, and Reynolds number. 

-2  
pg Ax 24 pV , 3u . ^ 
~ g  R e  g b  ~  p  < C " 7 )  

®c ec 

It should be mentioned that the fully developed assumption for the 

friction factor is not as bad an approximation as first appears, since 

the friction factor is expressed as a function of time through the 

non-dimensional Reynolds number, which is local with respect to time. 

The iterative process (specifying time, assuming Reynolds number, and 

solving for the pressure) can be "picked up" at this point and the 

equation solved. The resulting one-dimensional results would give gross 

values of pressure, Reynolds number, and velocity as functions of time. 

These gross values can then be used as "guided" input for the full 
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two-dimensional viscous case, which will be discussed in the following 

section. 

Two-Dimensional Approach 

The finite difference formulation of the boundary layer equa

tions basically follows a technique first used by Patankar and Spalding 

(1967). In such a technique small control volumes are specifically 

placed within a grid (node) pattern throughout the flow field of 

interest as shown in Figure C.5. The control volume is the item of 
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Figure C.5 Control Volume in the Node Pattern with Shear, Pressure, 
Body, and Momentum Terms 

interest in the mass and momentum balance. Each control volume has 

forces acting on its surface and momentum crossing its boundary. The 

nodes act only as "concentrated" points for these forces and momentum 

fluxes. Thus, the conservation principles are applied to the control 

volume itself, which is retained throughout the solution, while 
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utilizing adjacent nodes as representing values of adjacent control 

volumes. 

As mentioned, the axial nodes were placed at the right and left 

hand faces of the control volumes, with the radial positioning being at 

the middle of the face. Quantities evaluated along the top and bottom 

(transverse) surfaces were evaluated using a weighting parameter which 

is discussed in this section. (Flow across each axial face was assumed 

one-dimensional.) In contrast, other investigators, Bankston and 

McEligot (1969) positioned the nodes, then placed the control surfaces 

midway between the nodes. As pointed out by Shumway (1969) such a 

scheme positions the nodes closer to the wall side on the control 

volume, possibly allowing for error in the representation of the 

momentum crossing these faces. 

Since the shearing action, thus the velocity gradient, is 

strongest at the inlet to the channel and near the wall along the 

channel, the control volumes were made much smaller in these areas. The 

program was designed such that any given number of control volumes could 

be placed within the grid of the flow field. This was accomplished both 

axially and radially through a multiplying factor in combination with 

the size of the first control volume. The transverse width of the 

second control volume was set equal to twice that of the first control 

volume, and the width of each successive control volume was made larger 

than the previous by the specified multiplying factor. When the center 

line of the channel was reached, a point of zero shear, a control volume 

was positioned on the center line. A mirror image of the first half of 

the channel was then constructed for the second half. 
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The axial lengths of the control volumes, and therefore the 

distance between axial nodes, were set according to the axial length of 

the first control volume. The lengths were increased, and made as large 

as possible, subject to stability and convergence criteria. It is 

advantageous to allow large axial step sizes, especially in a long thin 

channel, since it considerably reduces computer time, while moderately 

reducing the accuracy of the results. 

Weighting Parameter 

Normally in solving a partial differential equation on the 

computer, the numerical^ technique utilizes either an explicit method of 

solution or a purely implicit method, depending on the type of solution 

being solved. An explicit method of solution is one in which a single 

unknown nodal value is expressed directly in terms of known nodal 

values. On the other hand, if more than one unknown nodal value is 

required in expressing the differential form of the equations, the 

method is implicit in nature. As can be seen, implicit methods require 

the solution of a set of simultaneous equations. Furthermore, if all 

the unknown nodal values are expressed strictly in terms of known nodal 

values, then the method is purely implicit. In this study neither 

method is uniquely used, but instead, application is made of an axial 

weighting parameter, theta, which combines the explicit and implicit 

schemes. An example will best describe the present scheme. 

If a momentum balance were made on a given control volume, and 

the axial weighting parameter set equal to zero, the only unknown 

momentum term would be that convected through the left hand face. The 
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term could then be evaluated explicitly, thus putting into practice an 

explicit scheme. If theta, instead, were set equal to one, a series of 

"implicit" equations is formed which can only be solved simultaneously. 

Therefore, as indicated by its name, the axial weighting parameter, when 

placed between 0 and 1, proportions (weights) the contribution of the 

ith node value to that at the i+lth node. However, Richtmyer and Morton 

(1967) found in solving the simple transient conduction equation that 

only certain values of theta gave definite stable results. For 1/2 <_ 

theta <_ 1, their solution was unconditionally stable. However, for 

theta < 1/2, the solution determined was only conditionally stable. 

They concluded that the solution's stability depended upon the axial 

node spacing relative to the transverse node spacing. 

Other studies showed the same trend but slightly different 

results. Worsoe-Schmidt and Leppert (1965) found that even theta = 1/2 

was unstable for solving the boundary layer equations in a circular 

tube. Bankston and McEligot (1969) using the present approach, on the 

other hand, found theta = 1/2 to be stable, but obtained axial oscilla

tion in their results, causing them to be unuseful. It therefore 

appears that the present investigation could be completed successfully 

for theta greater than 1/2 and up to a value of 1. 

A transverse weighting parameter, phi, was also used in much the 

same manner in which the axial parameter was utilized. 

Convergence and Stability 

As mentioned, in using the control volume scheme, a set of 

simultaneous equations containing the dependent variables must be solved 
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in order to achieve a solution. Convergence criteria specify that the 

matrix, tri-diagonal in this case, of the dependent variable coeffi

cients must be diagonally dominant for a solution to exist. 

Numerical Solution 

Before discussing the numerical solution to the boundary layer 

equations a basic understanding of the iterative processes involved, and 

the convergence criteria used, may be of benefit to the reader. An 

iterative type of solution is necessary because the dependent variables 

are expressed "implicitly". In order to start an iterative process one 

of the unknowns is assumed and the other unknowns determined. The full 

equations are then checked for compatibility. If compatibility is not 

achieved, then the one unknown is changed and the equations solved 

again. The process is continued until the assumed unknown and the other 

determined dependent variables are compatible with respect to the 

equations and each other. 

In the present investigation the tank and channel are taken as a 

combined unit as shown in Figure C.6. A time increment is specified, 

and corresponding Reynolds number (or velocity) assumed at station 2. 

The unsteady Bernoulli equation is then applied between stations 1 and 

2, and the pressure at station 2 determined. The grid system starts at 

station 2 with its ith nodes being the entrance nodes, and the (i+l)th 

nodes being the right hand surface of the first control volumes. 
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Figure C.6 Combined Tank and Channel Unit for Solving Two-Dimensional 
Viscous Boundary Layer Equations 

A mass and momentum balance is conducted on the first set of 

transverse control volumes using the pressure and velocity distributions 

at the entrance as inlet conditions to the control volumes. After 

assuming the velocity profile at the (i+l)th nodes, the local continuity 

equation is then employed in conjunction with the Spalding and Patankar 

method to solve for the pressure distribution at the (i+l)th nodes. 

From this, the "unknown" velocity distribution is determined using the 

x-momentum equation. This velocity distribution is compared to the 
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"assumed" distribution used in the continuity equation when the trans

verse velocities were determined. If the two velocity profiles do not 

agree, adjustments are made and the complete process repeated. Conver

gence to the correct velocity profile is determined by checking 

successive pressure distributions in the iterative process. Since the 

flow is incompressible, and there must correspond a specific pressure 

distribution for the correct velocity profile, once the correct velocity 

profile is determined the pressure distribution will remain constant for 

further iterations. Or expressed in another form, as the velocity 

profile approaches its true value, through iteration, a ratio of 

successive changes of pressure to the present pressure will approach 

_3 
zero. Therefore, a criteria of 1 x 10 (representing one tenth of one 

per cent) was used for convergence. Once the convergence criterion was 

met for the (i+l)th node, the next axial step was taken and iterative 

process began once again. Since a constant area duct is used in the 

study, under constant property assumptions, the Reynolds number down the 

duct does not change. However, the velocity profile does change, 

necessitating a "new" velocity profile assumption for each axial step. 

This process is repeated for each axial step until the end of the 

channel is reached. 

With a specified pressure drop across the plug at the end of the 

channel (a function of the Reynolds number), and a given length of 

channel, there corresponds only one correct pressure value at the end of 

the channel. If after the iterative process of each axial step, the 

pressure at the end of the channel is the specified value, which will 

not be the case for the first set of iterative processes, then for the 
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specified time increment the Reynolds number, pressure, and velocity 

profiles have been determined. However, if the pressure criterion at 

the end of the channel is not met, it means the Reynolds number guess 

for the given time increment was incorrect. It further means that the 

velocity profiles determined were also incorrect. The Reynolds number 

guess for solving the tank problem is then corrected, depending on 

whether the pressure value at the channel exit was higher or lower than 

that required, and the Bernoulli equation applied again. This OVERALL 

iterative process allows a transient solution to be obtained for the 

combined tank and channel by meeting their coupled boundary require

ments . 

In summary, the iterative sequence followed was to assume a 

Reynolds number at channel entrance, corresponding to a specified time 

increment, and solve the tank problem. With these values of pressure 

and velocity as input to the channel, a local iterative process was 

performed for each axial step in which the continuity equation was 

solved. An integral continuity equation was utilized, followed by the 

solution to the x-momentum equation to obtain the axial velocity 

profiles. The overall boundary requirements were then checked, and 

adjustments made for the overall iterative process. A flow diagram of 

the iterative sequence is included in Figure C.7. 

As explained in Chapter V, the solution to the boundary layer 

equations was not successfully obtained. The stability problem 

mentioned was encountered whenever the time variable, transient solu

tion, was utilized in the program. The form of the stable transverse 

velocity oscillations indicated that a sign (+) error was inadvertently 
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Figure C.7 Flow Diagram of the Iterative Sequence 
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introduced into the program, thus causing the transverse velocity values 

to alternate. However, after repeated detailed analysis and diagnosis 

of the program, it was concluded that the problem was fundamentally 

numerical in nature rather than a "program" error. Apparently, the 

introduction of the transient time variable produced additional numer

ical requirements which were not satisfied. It is recognized that 

certain criteria must normally be satisfied when solving transient 

parabolic equations by numerical techniques. These criteria were taken 

into consideration and met for this program. Various modifications to 

the program were tried in hopes of eliminating the stability problem, 

but to no avail. However, the analytical solution to the boundary layer 

equations by this particular technique is still being considered. 



APPENDIX D 

TRANSDUCER CALIBRATION TECHNIQUE 

A calibration of the instrumentation used in conducting experi

mental investigations is of primary concern if meaningful and accurate 

data are to be ascertained. The principal components for this study 

included the instrumentation associated with measuring pressure-time and 

pressure-position relationships of fluid flowing in rectangular ducts. 

The means used for accomplishing this task were two strain-gauge trans

ducers whose outputs were coupled to two Tektronix oscilloscopes mounted 

with Polaroid cameras. The calibration of the transducers and oscillo

scopes was of particular interest. 

The static calibration.of the transducers was accomplished by 

means of measuring the static pressure associated with a given column of 

water. The height of the water "head" was varied in specified amounts 

throughout the particular design range of the transducer being calibra

ted. The electrical output of the transducers, after being amplified, 

was used as input into a Tektronix oscilloscope, which read the pressure 

equivalent in volts, and a Sanborn four channel recorder which read in 

centimeters of deflection. A four foot graduated cylinder, 1.25 inches 

in diameter, was used to contain the column of water. It was graduated 

in 1.0 inch increments. The procedure followed, discussed in Section 

4.2, was to "load" the transducer by increasing the water height an inch 

at a time. The complete calibration tests were conducted for each 

160 
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transducer. The calibration covered a pressure range of 0 to 38 inches 

of water. At no time during the actual investigation was the hydro

static pressure being considered greater than 35 inches of water. 

The Statham PM399TC differential pressure transducer, utilized 

as the actual measuring transducer, was designed to operate between 0 

and 70 inches of water with a frequency response up to 150 cycles per 

second. The resulting calibration chart, shown as Figure D.l, was 

plotted with information obtained from the oscilloscope. Test #1, at 

unloading, contained more hysteresis effect than did test #2. The 

calibration line was drawn through data points of test #2, which 

supplied the better linear curve fit of the two. The abscissa on the 

graph was then converted from inches of water to psi for convenience of 

reducing data, and Figure D.l re-plotted into Figure D.2. The calibra

tion curves of the PM399TC transducer with respect to the Sanborn 

recorder are included as Figures D.3 and D.4. 

The static calibration of the reference transducer, a Statham 

UGP4 pressure accessory unit used in conjunction with a UC3 Universal 

transducing cell, was conducted in the same manner as that used for the 

testing transducer. The resulting calibration curves are plotted and 

presented as Figures D.5 through D.8. 

The calibration charts were used for obtaining the initial 

hydrostatic conditions existing for each transient test run in terms of 

pressure, measured in pounds per square inch. The charts were also 

useful in determining the degree of reproducibility achieved in striving 

to obtain the same initial conditions for a series of runs at a given 

Reynolds number. 
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Since a transient study was conducted, it would have been ideal 

to subject the transducers to known transient phenomena in order to 

"calibrate" their transient pressure response, and to determine their 

frequency response limitations. Even though such a test was not 

performed, sufficient information was obtained from the actual output of 

test runs to support the conclusions that the transducers were operating 

within their linear response range, and represented the true transient 

curve. A Fourier analysis was performed on the basic transient curve to 

determine its fundamental frequency, and the significant specific number 

of harmonics involved in the construction of it. The results of the 

analysis showed the fundamental frequency of the transient response 

curve to be 1.0 cycles per second, and the amplitudes of harmonics 

higher than the 10th to be insignificant in the construction of the 

basic curve. This indicated that the transducers could successfully 

follow the actual pressure signal transmitted which was well within 

their limitations with respect to both frequency response and operating 

pressure range. In addition, the photographed output of the response 

curve showed, at times, the existence of higher frequency vibrations in 

the channel, between 30 and 150 cps, superimposed upon the main 

transient curve. The transducers also "picked up" or followed these 

responses quite successfully, leading to the indication that any signal 

with a frequency lower than this could also be followed accurately. 

The Tektronix oscilloscope was actually calibrated by the manu

facturer prior to.shipment. However, in order to check the calibration 

and resulting output of the scope, known signals with given amplitudes 

were used as input to it. The proper adjustments were then made, as 
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necessary, in refining the calibration and obtaining the desired output 

on the CRT. 
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NOMENCLATURE 

English Symbols 

A cross sectional area of duct 

A integration constant 

A^ amplitudes of sine function in Fourier analysis 

b half the plate spacing for parallel plates 

b* = b/D^ non-dimensional half plate spacing 

B integration constant 

amplitudes of cosine function in Fourier analysis 

C capacitance 

C integration constant 

D integration constant 

ds incremental distance along streamline 

D, hydraulic diameter of duct = 4 ——-— 
h J wetted perimeter 

f friction factor (Darcy-Weisbach) 

f frequency 

F^ frictional force 

g gravitational acceleration 

g^ force proportionality constant for English unit 

H* non-dimensional total static head 

K mathematical constant defined by Equation C.21 

1 distance from station 1 to 2 along streamline 

Jl* non-dimensional distance from duct inlet to the 
established water surface head 



173 

length from pressure tap #1 to particular tap 
studied 

mass flow rate 

liquid pressure 

atmospheric pressure 

non-dimensional pressure 

non-dimensional constant 

resistance in ohms 

Reynolds number 

Reynolds number based on steady state conditions 

transformation variable defined in body of report 

time variable 

non-dimensional time 

mathematical variable used in separation of 
variables 

local axial velocity 

local steady state axial velocity 

force potential (gravity) 

local centerline velocity 

non-dimensional local velocity 

local transverse velocity 

bulk axial velocity 

steady state bulk velocity 

energy associated with frictional losses 

local axial coordinate 

body force 
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non-dimensional axial coordinate 

local transverse coordinate 

non-dimensional transverse coordinate 

mathematical variable used in separation of 
variables 

measuring distance for hydrostatic head of water 

specific weight of fluid 

non-dimensional duct entrance shape parameter 

steady state form of solution to transient problem 

eigenvalue 

dynamic viscosity of fluid 

dynamic viscosity of fluid at standard conditions 

non-dimensional viscosity 

kinematic viscosity of fluid 

3.1415 

density of fluid 

density of fluid at standard conditions 

non-dimensional density 

shear stress at the wall 

transient form of solution to transient problem 

angular velocity 
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