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LIST (F SYMBOLS 

A.~ area of fitting, in. 

D- inside diameter of pipe, in. 

D 2 inside diameter of fitting, in. 

g acceleration of gravity, 32.17 ft per seo per sec 

K coefficient of discharge 

P- pressure upstream of test element, lbs per sq in 

P- pressure downstream of test element, lbs per sq in 

AP P- - P?, lbs per sq in 

H gas constant 

pu absolute viscosity upstream of test element, lbs per ft sec 

w mass flow rate, lbs per sec 

Rn Reynolds number, hBw/nDjp-

r pressure ratio, Pp/P, 

T.. temperature upstream of test element, deg R 

V velocity, ft per sec 

fi diameter ratio, D2/lL 

P density, lbs per cu ft 

fi flow factor, w i T i / i p \/~°R/sec 

l/V \-fi velocity of approach factor 

Y compressibility factor 

B thermal expansion factor for fitting 

\J thermocouple 
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SUMMARY 

This report is the result of an experimental investigation con­

ducted to determine, with particular attention given to the effect of 

elevated temperature, the flow rate of air through fittings that are 

representative of those found in the plumbing of airplane and missile 

pressure instrumentation* The analysis was made in a manner similar to 

that used on standard ASMS flow measuring devices such as nozzles and 

orifices by placing the fittings between the flanges of a commercial 

grade of 3*lf> in* ID pipe and regulating the upstream pressure, the up­

stream temperature and the downstream pressure* The permanent pressure 

loss resulting essentially from free expansion and turning losses was 

measured by using pipe taps placed upstream and downstream of the test 

element* The fittings tested were ASME orifices having small orifice 

to pipe diameter ratios and AN standard tee, elbow, and straight-

through fittings. The study was limited to (a) maximum head pressures 

of 60 psi, (b) maximum head temperatures of f>00 F, (c) negligible ap­

proach velocities (small fitting to pipe diameter ratios), and (d) 

Reynolds numbers between 10,000 and 380,000. 

It was determined that for fittings of similar geometry under 

the restrictions stated above the flow factor & can be expressed as a 

pure function of the pressure ratio r and curves to this effect are 

presented for the fittings tested* From this data it is concluded that 

the mass flow rate of air varies, at least within the limitations of the 
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experiment, as the square root of the temperature upstream of the test 

element as predicted by a theoretical analysis of the flow, 
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CHAPTER I 

INTRODUCTION 

The high velocities now attained by missiles and airplanes and 

the subsequent elevated surface temperatures on these vehicles have in­

dicated the need for determining at high temperatures the flow character­

istics of air through fittings used in the barometric instrumentation of 

such aircraft. Reported errors in instrument accuracy have made it seem 

probable that high temperature phenomena can cause non-negligible de­

partures from the fluid characteristics that are predicted by normal 

temperature investigations. 

In the analysis of actual flow through sharp-edged orifices and 

nozzles (1, 2, 3) the procedure has been to assume that the mass flow 

rate varies inversely as the square root of the fluid temperature up­

stream of the element as is indicated by a theoretical development of the 

flow equation* The purpose of this research is to investigate the val-» 

idity of this assumption at elevated temperatures and to predict the flow 

properties of air through plumbing fittings that are representative of 

pressure instrumentation. This is done by presenting information, ob­

tained experimentally, expressing implicitly the mass flow rate as a 

function of the pressure ratio r at room and at elevated temperature 

through sharp-edged orifices and AN standard tee, straight-through and 

elbow fittings. This investigation will be limited to small diameter 

ratios (negligible velocities of approach) and maximum head temperatures 

of approximately 5>00 F# 



2 

CHAPTER II 

APPARATUS 

A general layout of the equipment used for the tests is shown in 

Fig. 1# ASMS recommendations (2, k) were followed where applicable to 

determine the configuration. 

An electrically powered reciprocating compressor of approximately 

350 cfm capacity was used as an air supply in combination with a storage 

and a surge tank and a pressure regulator* This capacity was great 

enough to allow constant pressure runs to be made. 

Double extra heavy, k inch pipe of standard steel (inside diameter 

equal to 3»l5 inch) was used for the metering section and all sections 

downstream of the metering section. Pipe of this diameter was chosen to 

achieve a negligible approach velocity at the test section. The extra 

thickness provided an adequate factor of safety at the working pressures 

and temperatures• 

A standard ASME metering orifice as seen in Fig. 2, employing 

flange taps (h) and having a £ ratio of 0.2, was used to determine the 

mass flow rate. Both the metering and the test orifice plates were made 

to conform to ASME standards and were constructed from stainless steel 

plate. 

Pipe taps (U) were chosen to determine the pressure loss through 

the test element. By using pipe taps the permanent pressure loss can be 

read and the data may therefore be reasonably applied to two large cham«* 
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bers between which the minimum restriction is a plumbing fitting similar 

to that used in the tests• 

It was decided that manometers would yield sufficient accuracy 

over the large pressure range investigated (30-60 psi)* It was found 

that the rapid dissipation of heat from the copper tubing used as leads 

to the manometers made unnecessary a consideration of inaccuracy due to 

heating* A 150 cm cistern-type alcohol manometer was used to determine 

the pressure drop across the measuring orifice while a 250 cm cistern-

type mercury manometer was used to measure the differential pressure 

across the test section* Two 250 cm cistern-type mercury manometers 

measured the static pressure in front of the metering and test sections. 

The orifices and AN standard fittings tested are given in Table 1, 

The AN fittings were installed between the flanges of the test section 

Table 1 

Fittings Tested 

Orifices 

Identification Diameter, D Diameter Ratio,@ 

A 

B 

0*187 

0*250 

AN Fittings 

0.0593 

0*0793 

AN-815-6 0*296 0.0939 

AN-815-U 0.169 0.0536 

AN-821-6 0*29U 0.0933 

AN-821-U 0.169 0*0536 

AN-82l*-6 0.295 0.0936 

AN-82E-U 0.169 0.0536 
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by bracing them in steel plates as seen in Fig. 3« A drawing of the 

orifices tested appears in Fig. 2* 

Drawings of the heater section and its component parts are in 

Figs* k and f>* Heat was supplied by eight Ferrod strip heaters with a 

rating of 1200 watts each at 220 volts* The heaters were placed in a 

circular arrangement and mounted inside the pipe on sheet steel end 

plates as shown in Fig* 5* The downstream end plate was free to move 

to allow for expansion while the upstream plate was fixed between 

flanges* The heaters were wired in parallel in banks of two and three* 

Power was supplied inside the pipe by positioning six Champion igniter 

plugs as leads as seen in Fig* lw Copper leads were then run from the 

electrodes of the plugs to the heater terminals* Current to each bank 

of heaters was controlled by a rheostat having a continuous range from 

zero to one-hundred per cent power* The heater section and all sections 

downstream of this point were insulated with high temperature Kaylo in­

sulation externally wrapped around the pipe* 

The temperature upstream of both the metering and the test section 

was measured by thermocouples placed three and one-half pipe diameters 

from the element* The thermocouples were constructed from *032 diameter 

chromel-alumel wire and they were not shielded* 
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CHAFFEE III 

PROCEDURE 

The test procedare was as followsr The metering orifice and the 

test element were first positioned as shown in Fig. 1, Then P., the 

pressure in front of the test section, was obtained by regulating the 

surge tank pressure while T_, the temperature in front of the test 

section, was controlled by regulating the amount of current flowing to 

the heaters. Mien stable temperature conditions were reached, AP was 

raried in approximately equal increments (by adjustment of the back 

pressure P- using the downstream valve) for maximum to minimum mass flow 

as P_ and T_ were held constant to within plus or minus 0.2 psi and 10° F 

respectively. The values of P-, T-, the static pressure in front of the 

metering orifice, the temperature in front of the metering orifice and 

the pressure difference across the metering orifice were recorded at each 

value of AP. 

To investigate the effect of pipe wall proximity on the pressure 

losses through the tee and elbow fittings all runs for these elements 

were repeated for identical conditions but in a position with the original 

upstream and downstream faces reversed* 

Each fitting as heretofore discribed was tested at constant P-

pressures of 30 and 60 psi. At each of these pressures, runs were made 

while the temperature T., was held constant at £00 F and at the storage 

tank discharge temperature which ranged between 80 and 100 F. The tern-



perature at the metering orifice was not appreciably effected by the 

nearness of the heaters since the temperature at the metering section 

was at all times below 100° F* 

The choice of a metering orifice with a diameter ratio equal to 

0»2 resulted in Reynolds numbers such that standard ASMS methods and dis­

charge coefficients (2) could be used to evaluate all flow rate values 

except a negligible number which were below a Reynolds number of 10,000, 

The mass rate for these low Reynolds numbers was evaluated by using coef­

ficients determined by Ambrosius and Spink (£)• The flow rates thus de­

termined were then applied to the test element* 



CHAPTER IY 

SESTJLTS 

& development of the basic flow equation as outlined by the JgSME 

(h) will be helpful in justifying the simplifying assumptions made later. 

Consider sections in front of and at the element illustrated in Fig. 6« 

Assume that the flow is steady, incompressible and obeys the perfect gas 

relations! that there is no loss of energy from friction; and that no 

transfer of heat takes place between the fluid and the surrounding walls. 

The incompressible Bernoulli equation then gives 

2 2 
p, + pi vi - P 9 + h v2 (i) 

or 

pl ( V 2 - V 2 ) - P. - P? - AP (2) 
S~g~ 

and from continuity considerations when analyzing a circular cross section 

W " * \ \ **1 m P1V2 n D 2 2 &) 

- r ~ -ir-

or 2 h - v2 f M . v2r (U) 
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So that substitution of equation (h) in equation (2) gives 

v2 . *_ xfuM 
fT^P / PI 

or from equation (3) and the equation of state (P. • p.. RT-) we get 

^ i/ns 
'l -y*U J RT], 

iP 

» - -=5=,. V a — (5) 

Since the actual flow will vary from the theoretical it is neces­

sary to introduce the empirical coefficients K, Y, and E (ii). Where 

K - C/ )[T^~~/PX 

an empirical discharge coefficient with the velocity of approach factor 

included; the term X is a compressibility factor that is a function of 

the j8 ratio and the pressure ratio r; and the coefficient E corrects 

for thermal expansion of the element. So that finally for air 

w - 1.10 i^KYE / P1AP/T1 (6) 

It is now possible to apply the conditions of the test to the 

preceding relation. The discharge coefficient 

K C/ \/ 1 • J3 - f (Rn, J3 $ \ , shape) 

However, for small diameter r a t i o s and geometrically similar f i t t i n g s 

the effect of pipe s i ze , J3 and shape tend to become neg l ig ib le . In ad-



dition K is essentially a constant over a wide range of Reynolds 

numbers so that the discharge coefficient will be assumed constant for 

purposes of the test under consideration (where Rn varied from approxi­

mately IOJOOO to 380,000)• For very small values of J3 the expansion 

factor I is significantly a function of r alone . It will be shown 

that the mass flow varies directly as the area of the element, £Lso it 

will be shown that the flow rate varies inversely as the square root T-

within the limits of the analysis. In addition it is assumed that the 

effect of B is negligible over the temperature range investigated. So 

that following Perry (1) and rearranging equation (6) and dividing both 

sides of the relation by P- it is seen that 

w ypL 
?-r±- - a - f(r) (7) 

The values of Q were calculated for each test run made. Plots 

of 1 vs r for the orifices and the fittings tested appear in Fig* 7 

and Figs. 8, 99 and 10 respectively. 

In Fig. 7 the author's test results for orifice flow at room 

temperature and at 5>00 j are compared with those of Perry (1) which were 

obtained under similar conditions and restrictions but entirely at room 

temperature. It can be seen that the agreement is excellent over the 

entire pressure ratio range investigated. It is evident from the data 

presented that the assumptions that mass flow rate varies inversely as 

the square root of T- and that 2 is a pure function of r are valid for 

the flow conditions stipulated. 
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In Figs* 8, 9 and 10 plots of $ vs r for the tee, elbow and 

straight--through fittings respectively are presented* Here again it is 

evident that the stated assumptions are valid for the flow conditions 

imposed on the test fittings* When applying this data the conditions of 

the test must be remembered; that is, a permanent pressure drop due 

principally to free expansion and turning (in the case of the tees and 

elbows) losses has been obtained* AJ3 previously stated, however, this 

information could logically be applied to two large chambers between 

which the minimum restriction is a similar plumbing fitting* In addition 

a fair estimate of the turning losses through the tee and elbow fittings 

may be had by subtracting the total loss for the straight-through fitting 

from the total loss through these fittings* 

The maximum deviation of the test points from the average curve 

occurred in the critical flow range and was of the order of 5«© per cent 

for the tee fittings* However, the average deviation in the subcritical 

range was considerably less than this for all fittings tested* 

In Fig. 11 composite plots of the test results are compared with 

ideal nozzle flow so that the relative variation from ideal flow for each 

fitting may be seen* 

Discharge coefficients as a function of pressure ratio have been 

evaluated by Bennett (6) for the AN tee, elbow, and straight-through 

fittings* 
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CHAPTER V 

CONCLUSIONS 

From the data obtained in this investigation the following con­

clusions have been reached? 

1* The assumption that the mass flow rate of air through an 

orifice or fitting varies inversely as the square root of the temperature 

upstream of the element is valid up to 5>00 F# 

2. When analyzing flow through AN-821*, AN-821 and AN-815 fit­

tings, the flow factor S may be expressed as a pure function of r as 

shown in Figs* 8, 9, and 10 for the conditions of negligible approach 

velocity, head temperature below £00 F and Reynolds number above 10,000• 



CHAPTER VI 

RECOMMENDATIONS 

1« It is recommended that this study be extended to include 

higher flow temperatures. This can best be done by constructing a 

heater section that is more efficient and has a greater overall power 

rating than that used in the authorfs test. One method would be to use 

a series of heater sections similar to the one used by the author, but 

each with a power rating that is somewhat less in order to insure a 

more efficient transfer of heat« 

2. An investigation should be made to determine the flow 

characteristics through fittings when the approach velocities are not 

negligible, such as would occur in the more realistic tubing and fitting 

combination* 



2k 

REFERENCES 

Perry, J. A., "Critical Flow Through Sharp-Edged Orifices, * Trans­
actions of the A5ME, Vol* 71, October, \9k9. 

A.S.M.D. Research Publication, Fluid Meters, Their Theory and Ap­
plication, Part 1, kth edition, New York, The American Society 
of Mechanical Engineers, 1937. 

Vaughn, H», The Response Characteristics of Airplane and Missile 
Pressure Measuring Systems, Sandia Corporation Technical Memo­
randum, August, ly^iu 

Power Test Codes, Supplement on Instruments and Apparatus, Part £, 
New York, The American Society of Mechanical Engineers, 19k9. 

Ambrosius, E» E», and L. K. Spink, "Coefficients of Discharge of 
Sharp-Edged Concentric Orifices in Commercial 2-in#, 3-in», and 
lt-in» Pipes for Low Reynolds Numbers using Flange Taps,11 Trans­
actions of the ASMS, Vol, 69, 19k7, p. 805. 

Bennett, J* A., The Determination of Coefficients of Discharge and 
Equations for Air Flow Through Some Particular AU Standard Fit­
tings at Elevated Temperatures Considering Pressure Ratio as the 
Only Influence for Each Geometry, Unpublished Masters Thesis, 
Georgia Institute of Technology, 19%•* 


