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I. INTRODUCTION

1.1 The Thermodynamic Effect

A continuous vaporization process is required to sustain a cavity in

a cavitating flow. Since this vaporization process is dependent upon

heat transfer at the cavity wall, the temperature in the cavity is

always less than that of the bulk temperature of the fluid. This

localized cooling process is called the thermodynamic effect which is

measured by the temperature depression (AT) given by

A T = Ton
_ T

c 
(1)

where Ton and T are the bulk liquid temperature and cavity temperature,

respectively.

The determination of the cavity pressure is of primary importance

in cavitating flows. Thus the thermodynamic effect is important

because it influences the cavity pressure. In many cases the cavity

pressure is assumed to be equal to the vapor pressure at the bulk

temperature of the liquid. This estimate is quite good in the absence

of noncondensable gases and at states significantly below the critical
dP

temperature where P,, and are both small. For example, this is a

very good estimate for room temperature water with a low gas content.

However , for many fluids such as the cryogens liquid oxygen and liquid

hydrogen as employed in rockets engines the opera ting tempera tures can
dP

( be such that and are both large. In these cases, the assumption

that the cavity pressure is equal to the vapor press ure correspond ing

to the bulk temperature of the liquid can lead to very large errors.

Thus the thermodynamic effect must be considered when determining the

net—positive suction head for rocket pumps.
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In this investigation the temperature depression has been correlated

by the entrainment equation given by

A D

(2)CA t4U 
~L 

CPL

where C
Q~ 

CA, Pe, Nu, 
~~~~~~~ ~L’ ~ 

CPL 
are the flow coefficient, area

coefficient, P~clk number, Nusselt number, vapor mass density, liquid

mass density, latent heat of vaporization, and specific heat of the

liquid, respectively. This equation is discussed in detail in

subsequent sections.

The flow state of particular concern in this report is that of

developed cavitation or so—called cavity flows. The extent of

cavitation depends primarily upon the cavitation number (a) given by

~~on~~~ c

2
2 ~L 

Von

where 
~~ ~~~~~~~ ~L’ and Von are the pressure at infinity, cavity pressure,

liquid mass density and velocity at infinity, respectively.

1.2 Objective of the Report

The major intent of this report is to organize the data which have

been obtained during the investigations of thermodynamic effects in

developed cavitation on zero and quarter caliber ogive nosed bodies.

These model shapes are shown in Figure 1. The tests were conducted

with Freon 113 and water as the working fluids.

The data fall into the following categories (see list of symbols

for definition of terms):

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
- - - -- — — -----

~~~~
— - - -  — -
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1. Cavity geometry

CA 
versus L/D

a versus L/D -

DM/D versus a

AiD versus q

a versus L/D for various values of D/DT

2. Cavitation number

o versus Ton

o versus X/L

3. Flow coefficient

CQ 
(with diffusion) versus a

CQ 
(without diffusion) versus a

4. Temperature depression

AT versus Tmax on

AT versus X/L

Most of these data have been reported in graphical form elsewhere. However,

none of the data have been tabulated. Furthermore, except for examples in

Weir [11 *, plots of temperature depression (AT) as a function of fractional

cavity length (X/L) have not been reported . Thus this report completes

the documentation of the experimental data by providing the necessary

data tabulations and plots. In addition, a summary of the necessary

background information such as description of experiments is provided in

order that the report is reasonably self sufficient.

*Num~;rs in brackets refer to documents in list of references.

- - - - :-  .,J~~: L - ~ ”•- --
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II. SOURCES OF DATA PLOTS AND TABULATIONS -

As indicated previously plots of most of the data are given elsewhere.

The six basic references in which these data are plotted together with

an abbreviation of each reference are:

(1) H. L. Billet and D. S. Weir, “The Effect of Gas Diffusion and

Vaporization on the Entrainment Coefficient for a Ventilated

Cavity,” TM 74—15, Applied Research Laboratory, The Pennsylvania

State University, January 24, 1974.

Abbreviation BW74

(2) M. L. Billet, J. W. Holl and D. S. Weir, “Geometric Description of

Developed Cavities on Zero— and Quarter—Caliber Ogive Bodies,”

TM 74—136, Applied Research Laboratory, The Pennsylvania State

University, May 6, 1974.

Abbreviation BHW74

(3) D. S. Weir, “An Experimental and Theoretical Investigation of

Thermodynamic Effects on Developed Cavitation,” TM 75—34,

Applied Research Laboratory, The Pennsylvania State University,

Feb. 21, 1975 (or M. S. Thesis, Dept. of Aerospace Engineering,

The Pennsylvania State University , May 1975).

Abbreviation W75 CARL)

(4) D. S. Weir, “The Effect of Velcoity, Temperature, and Blockage

on the Cavitation Number for a Developed Cavity,” 1975 ASME

Cavitation Number for a Developed Cavity, ” 1975 ASME Cavitation

and Polypha se Flow Forum , May 1975, pp. 7—9.

Abbreviation W75 (ASME)

— -~~~~-- —- — - —---—-- - ----
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(5) 14. L. Billet and D. S. Weir, “The Effec t of Gas Diff usion on the

Flow Coeff icient for a Ventilated Cavity, ” Journal of Fluids

( Engineering, Trans. ASME, Vol. 97, Series 1, No. 4, December

1975, pp. 501—506.

Abbreviation BW75

(6) J. V. Roll, M. L. Billet, and D. S. Weir, “Thermodynamic Effects

on Developed Cavitation,” Journal of Fluids Engineering, Trans.

ASNE, Vol. 97, Series 1, No. 4, December 1975, pp. 507—513.

The sources of data plots are listed in Table 1. First, second and

third souree~ are given using the aforementioned abbreviations for the

basic ref erences, i.e., HBW75 , etc. The first source is the most

comprehensive of the indicated sources in regard to the completeness

of the plotted data and associated discussion. Data tabulations are

presented at the end of this report.

U.

I- ~~~~~‘- , 
- .. : - ~~~~~ 

r~~’ • - ’ ~-~ ~~~~~~~~~~~~~~~~~~~~~~~~~
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III. GENERAL DESCRIPTION OF THE EXPERIMENTS -

The primary purpose of the experimental investigation was to determine

the magnitude of the thermodynamic effect on developed cavitation for

various flow conditions. The experiments were divided into the following

three phases:

Phase I Measurement of the flow coefficient (C
Q
)~ area

coefficient (CA ) and other geometrical aspects

of the cavities.

Phase II Determination of the cavitation number (a) based

on measured cavity pressure for natural cavities.

Phase III Measurement of cavity temperature depressions

(AT) for natural cavities.

The principal facility used in this investigation was the NASA—sponsored

3.8 cm ultra—high speed cavitation tunnel shown in Figure 2. This tunnel

has the capability of operating at high velocities over a wide pressure

and temperature range with various fluids as described in Reference [2]. A

second facility, a 30.5 cm water tunnel with a more limited operating

range, was used for the ventilated cavity tests in Phase I. This

facility is described in Reference [3]. Both of these facilities are part

of the Fluids Engineering Department of the Applied Research Laboratory

of The Pennsylvania State University and are housed in the Garfield Thomas

Water Tunnel Building.

A total of fourteen sting—mounted ogive test models were employed

( having two basic nose contours as described in Figure 1. The zero—caliber

ogive has a blunt nose whereas the quarter—caliber ogive has a rounded

nose. Photographs of natural cavitation on a zero—caliber ogive in

Freon 113 and water are shown in Figures 3A and 3B. Six models were

-~~~~~~~~~~~~~~ - 
--

~
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employed in Phase I, four in Phase II and four in Phase III. The

Phase I tests are described in Section V of this report whereas

Phase III results are presented in Section VI. The Phase II tests

are discussed by Weir (1].

I C
I

-. .— 
-- 

~~~~~ 
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ !-,. ~~~,. -— ~~ ,~ •~
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IV. ENTRAINMENT METHOD FOR CORRELATING TEMPERATURE DEPRESSION DATA

4.1 Derivation of Basic Equation

A developed vaporous cavity is continuously supplied with vapor from

the cavity walls. This vaporization process requires energy in the form

of heat which is transferred at the rate

(4)

The mass flow rate of vapor in the cavity is

ii~~= p ~~V~~A~ (5)

which can also be expressed as

rnV P D 2
Von CQ 

(6 )

where C
Q 
is the flow coefficient defined as

D V

Employing Equation (6) in Equation (4) for rn
~ 
results in

• 2
~~

_ P
~~A C Q

D Von (8)

(

Following the method employed in convective heat transfer theory

the ra te of hea t transf er can also be expressed as

-- -

- - - # ,~4—*.-.— - 

_

-9 .-__- __._- _ - - - - s.-:. ~,a. ~- -
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4 = h Aw (Ton
_T
c

)  (9)

where h is the film coefficient or heat transfer coefficient.

Equating Equations (8) and (9) and solving for the temperature

depression (AT) yields

C 2
AT =

~~~~FV CO A P  . (10)

Equation (10) can be expressed in terms of dimensionless coefficients

namely

C p
(11)

CA Nu ~L 
CPL

where

CA 
= is the area coefficient
D
Von D

Pe is the Peclet number

Ru — is the Nusselt number

(Note that dividing Equation (11) by the f l uid pro per ties —
~~~ i— yields

~L ~L
the Jakob number (J) on the left hand side of the equation.) Equation

(11) is similar to the relationship derived by Roll and Wislicenus

(4] but more closely corresponds to the relation proposed by Acosta

and Parkin [5] in the discussion of that paper.

All temperature depression data obtained during this investigation

were correlated by means of Equation (11) which was first applied to

- -- -
~~~~~~~~~- - ---- -- -- a.-
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this problem by Billet [6]. In order to obtain a correlation, it is

necessary to determine the form of the dimensionless coefficients C
Q~

CA and Nu.

4.2 Correlation Equations for CA, CQ~ 
Ru and AT

In order to determine an equation which correlates AT data by means

of the entrainment equation, i.e., Equation (11), it is necessary to

determine empirical equations for CA, CQ and Ru in terms of pertinent

physical parameters. An examination of the problem led to the following

general f orms for CA . CQ and Nu:

CA 
= Cl 

{L/ D} a (12)

C
Q 

= C2 
Reb Fr e wed ~L/D}

5 (13)

Nu = C
3 

Re~ ~~~ we
h P r 1 ft/D}~ . (14)

As will be seen in subsequent sections, two co~nbinations of terms

were tried for C
Q 
and Ru. The first correlation refers to that

correlation in which Weber number was not considered, i.e., d”~h0 .

Wherea s, the second correlation refers to that correlation in which

Froude number was eliminated, i.e., c=g=0.

Employing Equations (12) — (14) in Equation (11) yields the general

empirical form for the temperature depression

AT — C
4

(L/ D) ~ Re~ Frm We~ Pr~ Pe —

~~~~~~~~~~
-— . (15)

~L 
1’L

The unknown constants for all of the correlations were determined by

a modified least—squares approximation technique. Taking the logarithm 

- - - - ------ - - fl~~~~~~~~~~~ - - -  ~~~~~~~~~.
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reduces the equation to linear form. Then, as outlined by Becket and

Hunt [ 7 ] ,  minimizing the sum of the squares of the difference between

the logarithm of the measured data and the correlative expression

yields a set of simultaneous equations which can be solved for the

unknown constants. Details concerning the application of this modified

least—square approximation technique to the entrainment theory are

given by Weir [1].

I

• •~ 
- - - —•-

~~ —
•——•—— — -n-- -.----~-•.- -~~~~-.-..-—=----—---— - - — —.--- —
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V. DETERMINATION OF THE FLOW COEFFICIENT AND CAVITY GEOMETRY (PHASE I)

5.1 Description of the Tests

For Phase I, six test models were used namely 0.318, 0.635, and 1.27 cm

diameter models with both zero and quarter—caliber ogive noses . These

models have a hollow center from which air is injected through holes

near the leading edge to form the ventilated cavities and a tube along

the surface of the model with a pressure port close to the leading edge

to measure the cavity pressure. By measuring the gas volume flow rate

(Q) and cavity pressure 
~~~~ 

the flow coefficient (C
Q
) was determined

as a function of a for a velocity range of 9.1 — 18.3 rn/sec and various

cavity lengths in water. Photographs of the cavities were also taken

so that the cavity profile shape could be measured and the cavity surface

area (Au) determined. The area coefficient (C
A
) was then found by

nondimensionalizing Aw by the square of the model diameter. Detailed

descriptions of the experimental method and resulting data for C
Q 
are

presented by Billet and Weir [8], [9] and details concerning CA and

other geometrical data are presented by Billet, Roll , and Weir [10].

5.2 Flow Coefficient

• It is well known that there are many similarities between the char-

acteristics of natural and ventilated cavities for the same value of

dimensionless cavity length. (This applies only when the ventilated

cavity operates in the reentrant jet regime [8], [91.) The German

hydrodynamicist H. Reichardt (11] was apparently the first to demonstrate

this characteristic by showing that the drag coefficient for an axially

symmetric body was the same for both natural and ventilated cavities

provided the cavitation number based on cavity pressure was the same

for both flow states. Billet [6] has shown that the geometric
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characteristics of natural and ventilated cavities on ogives are the same

when the cavitation number is the same.

Early in the development of the entrainment theory for correlating

temperature depression data it was felt that the aforementioned similarity

principle would be applicable to the volume flow rate of gas in the

cavity. Thus it was assumed that the characteristics of the flow

coefficient for the vapor flow in the cavity would be approximated by

the flow coefficient for a ventilated cavity having the same geometrical

characteristics. Furthermore, it was decided to minimize the diffusion

of gas at the cavity wall and thereby produce a value of C
Q 
which was

based on the entire volume flow rate required to sustain a cavity of a

given size. Billet [6] was the f irst  to apply the similarity concep t

to the entrainment theory. Subsequently this work was improved and is

reported in References [1], [8], [9] and [12].

The diffusion of air across the cavity wall was minimized by

maintaining the air pressure in the cavity at the saturatIon pressure

of the dissolved gas in the free stream. This pressure is given

by Henry ’s law namely

P
G—S 

= YB (16)

where y is the dissolved air content and B is the Henry’s law constant.

The dissolved air content was measured by a Van Slyke apparatus. Since

we have = P
G—S to assure no diffusion, this implies that the reference

pressure (
~c) from Equation (3) is given by

= 1/2 
~L 

Von
2 a + P~~ 5 . (17)
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It is apparent that diffusion cannot be entirely eliminated by this

procedure since the cavity pressure is not precisely constant throughout

the cavity. However, it does appear to yield satisfactory and consistent

results [8), [9].

Application of the modified least—square approximation technique

referred to in Section 4.2 to the C
Q 
data produced the following

correlations:

First Correlation

C
Q 

0.424 x lO
_2 
(it)O.69 Re°~

16 Fr°~~
3 (zero—caliber ogive) (18)

C
Q 

= 0.320 x l0~~ (~)
0.74 Re°46 Fr°~

26 
(quarter—caliber ogive) (19)

Second Correlation -

CQ 
= 0.225 x 10 1 (!~)O.69 Re °~~° We°~

4° (zero—caliber ogive) (20)

C
Q 

= 0.836 x l~
j••3 (~k)

O.74 Re °°6 We°~
79 (quarter—caliber ogive) (21)

The first correlations are compared with plots of experimental data in

References [8] and [9]. Experimental values of C
Q 
are tabulated in

Table 2 and compared with values calculated from the correlations.

5.3 Cavity Geometry

The empirical equations for cavity geometry are tabulated in Table 3.

( These equations are for LID , D14/D , and AiD as a function of a and CA as

a function of L/D. The area coefficient (CA) empirical equations are

of major interest in the temperature depression correlations and are

given by

- 
~~~~~~~ - ~~ 

- - —

- .  ~_ ,, 1,.,. _... - ~~~~~~ - ‘-~~• -- j . ’~~~~~~~ - ’ - -~~~,r - , .
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CA = 459 (J.t)’~~
9 (zero—caliber ogives) (22)

and

CA 
= 2.06 (!t)

1
~~
18 

(quarter—caliber ogives) . (23)

(

-• 
• 

i~~~
’!
~~ 

- ,
~~~~~~~~~~~~~~~~~~~~

-;
:;;
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VI . DETERMINATION OF THE TEMPERATURE DEPRESSION (PHASE III)

6.1 Description of the Tests

For Phase III , four test models were used namely 0.318 and 0.635

cm diameter models with both zero— and quarter—caliber ogive noses. A

photograph of these models is shown in Figure 4. These models have

three ports in which thermocouple beads are mounted in epoxy cement

on the model surface and the thermocouple leads exit the tunnel through

the hollow center of the model and sting mount. The thermocouples

are mounted at three different axial positions on the model so that

the axial distribution of temperature within the cavity could be

determined. In addition, the two larger mociels have one tube along

the surface of the model to monitor the cavity pressure.

The thermocouple wires were made of copper—constantan and were

0.010 cm in diameter. The cavity thermocouples were each connected

in series with a downstream thermocouple so that the temperature

depression (AT) could be measured directly. The free stream temperature

was measured independently with a thermocouple references to a 0°C ice

bath. In general, the accuracy of temperature measurements was

±0.3°C. Additional details concerning the thermocouple system are

given in Reference [1].

All temperature readings were taken with an integrating digital

voltmeter to time average any temperature fluctuations. This differs

from the procedure of Billet [6] who used a galvanometer to take

instantaneous readings and then only considered the minimum measured

cavity temperatures. The averaging technique therefore produces

smaller temperature depressions than those measured by Billet, but is

more consistent with the steady—state entrainment analysis.
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Temperature depressions were determined as a function of Ton f o r  a

velocity range of 19.5 to 36.6 rn/sec at various cavity lengths for the

flow test models. Free stream temperatures varied from 35°C to 95°C

in Freon 113 and from 60°C to 125°C in water.

In order to minimize the effects of variations in the amount of

noncondensable gas dissolved in the liquid, all temperature depression

tests were run with the liquid near saturation. The saturated air

content at 22°C and one atmosphere is about 14 ppm for water and 1200

ppm for Freon 113 where ppm is moles of air per million moles of the

liquid solvent. It has been shown [13] however that variations in

air content have little effect on the temperature depression for the

fluids, models and flow conditions examined in this study.

6.2 Maximum Temperature Depression and Discussion of Correlations

The maximum temperature depression (AT ) defined as
max

AT = T  - T  (24)max on cmjn

was determined by the method described in Section 6.3 and is shown in

Figures 5 — 10 as a function of Ton for various velocities for the four

models in Freon 113 and water. Each symbol is the average of at least

ten data points. The solid lines are the values of AT
max calc ulated

from th~ irst correlation by the entrainment theory given in Table 4.

Since both the first and second correlations were determined by the

( 
modified least—squares method referred to in Section 4.2 both

correlations will give approximately the same result. This Is shown

in Table 6 where the experimental values of ATmax are compared with

values calculated by both correlations.

-- ~~- -~~ - .~~~~~~~~~~~~~~~~~—--
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The correlations of AT with the various flow parameters wasmax

obtained by the entrainment method presented in Section 4.2. The

resulting correlations are presented in Tables 4 and 5 together with

the correlations for C
Q 
and Ru. These correlations are compared with

corresponding correlations for venturis in Reference (14]. The first

correlation, which is presented in Table 4, did not include Weber

number as a scaling parameter. The second correlation, which did not

include Froude number as a scaling parameter, is given in Table 5.

As indicated previously ,  values of AT calculated from the correlationsmax

are compared with the experimental values of AT in Table 6. The
max

first correlation is the same as that given in References [1] and [12]

except that small adjustments in the constants were made to account

for the use of more recent thermodynamic properties of Freon 113.

The empirical equations for the properties of Freon 113 and water are

given in Tables 7 and 8, respectively. These equations were used in

the process of finding correlation #1 and #2 for ATmax~ 
Freon 113

and water fluid properties are tabulated in Tables 9 and 10. These

data were obtained from References (17] — [22].

Referring to the data for C
Q~ 

Nu, and AT for the first correlation

(Table 4), it Is seen that the correlations are consistent, i.e., the

exponents of like terms have the same sign in corresponding correlations

for the two ogives. Furthermore, the correlations for the ATmax
data are nearly independent of Froude number. This is perhaps not

• surprising since the Froude number was rather high in these tests.

This result suggested the possibility that Froude number could be

eliminated in the expressions for C
Q~ 

Nu and AT ax and tha t other

parameters could be considered. Since the entrainment mechanism may

_ _  • - - -- - . • - - -~~~-- ~“——  
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depend upon surface tension effects, it seemed- reasonable to consider

Weber number as a scaling parameter. Thus Froude number was replaced

by Weber number and a second set of  correla tions f o r  C , Ru and ATQ max
were obtained as shown in Table 5.

Referring to the ogive data for C
Q~ 

Ru, and AT ax in Table 5, it

is seen that the exponents of like terms have the same sign and thus

corresponding correlations for the two ogives are consistent.

Furthermore, the exponents on the Weber number terms in Table 5 are

consistently higher than the corresponding exponents on the Froude

number terms in Table 4. Perhaps this indicates that in this instance

the Weber number is better than Froude number as a scaling parameter.

As indicated in the foregoing discussion, the data for the two

ogive families are consistent within the context of the entrainment

theory for both correlations, i.e., exponents of like terms in the

equations have the same sign. It is also interesting to compare the

correlations for AT for the case of constant fluid properties wheremax

AT has the form

AT = C(~)
Ml Von

M2 DM3 (25)

in which the constants c~ M~, M2, and M
3 
are in general different for

• each configuration. These correlations are shown in Table 11 for the

two ogives and two correlations. For a given model shape it is seen

( that the two correlations give nearly the same exponents for like

terms. For the quarter—caliber ogives, ATmax increases with velocity

(Va,) and size (D) whereas the opposite trend is displayed by the

zero—caliber ogives. As shown in Reference [14] In which data for

-r •— 
~~~

— 

— —I - 

•~-1i:~:~ 
-••- 

~~~~~~~~~~~~~~~~~~~ 
!4 ~
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venturi, hydrofoils and ogives are compared , AT ax for venturis and

hydrofoils also tend to increase with Von and D. Thus the zero—

caliber ogive tends to be the exception when examined for the case

of constant fluid properties.

6.3 Axial Variation of Temperature Depression

The axial variation of the temperature depression along the cavity

was found to be roughly linear with the maximum temperature depression

occurring near the leading edge of the cavity. This is in agreement

with other investigators [15], [16]. Therefore, to consistently

determine the maximum temperature depression (AT ax~ 
the axial

distribution was extrapolated to the leading edge to determine AT
- 

max

These extrapolations for all of the AT ax values plotted in Figures

5 — 10 are given in Figures 11 — 68. The indicated ATmax is shown

in each f igure and tabulated in Table 6.
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VII. CONCLUSIONS

The major conclusions regarding ATmax from this investigation as

documented in this report and References [1], [12] and [143 are:

(1) The temperature depression for the quarter—caliber ogives increases

with Tone L/ D , Von~ 
and D. This result is in general agreement with

other investigations of quarter—caliber ogives, hydrofoils, and

venturis.

(2) The temperature depression for the zero—caliber ogives increases

with Ton and L/D but tends to decrease with Von and D.

(3) Both the first and second correlations show consistent results for

the ogives within the context of the entrainment theory in that

the exponents of like terms have the same sign in the expressions

f o r  C , Ru and ATQ max -

(4) The AT expressions for the ogives from the first correlation show

that the Froude number term is very small and can be neglected.

This result was the basis for obtaining the second correlation in

which the Froude number was replaced by Weber number.

(5) For additional related conclusions the reader is referred to

References [1], [12] and [14].

- —s•_ _xn _ 1~~~n__~ -• — — •- --
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IC .—. 5 1-1 -. di di ~~-.. di S g di
_ 0 di~~~ 14 5 0 1~ >
..
~ ~~~ -. ~ > — ‘ ~ 0 -u-I 5 0. di
U ‘4 1~.K U .rI di U) U

~~~‘ .4 dIe 1-4 14 di 5 0) Ii S di ).
1.4 11 U b  0 0 )  14 0 5 5 0) v-I U u--I

U 0) .5 CU 0 ‘44 U 0) -,-4 144 U 14 .0 -u-I di

S u-l 14 di U di 0(- 5~~~’ .0 4.1 5 i-l U) di 0. ‘4 5 9-i di 0. di > U
di~~~ 5~~ 0 S

~~~S SIC 0 ) 5  ~~ ‘e-i ‘5 di ‘5 U i-.4
0~~4 S d i  SIc W I-i ,4 -.-4 U I’rn’ 0. di
.r45’  v-I 0) 5 d i d i  ‘5 U) .r4 U ~ di .5 01 01
‘i-I 01 v-I i-I > Cl) a) S ‘5 5 di 1-4 U 0 0

• ‘44 .5 0> .  5 0 )  01 S .-4 S U) 0 U. 5
di 4.1 -i-I U 0 5 0 ~~. U) di 0) I-i .01 .01 U U) ‘0 ‘5
0 0 0  U v-I .,-I CI) .,-I~~~ 1 4 5  1-4 di U U S r1 di di
0 5  d i >  ( 0 1 4  U ) -. d i S  0) > .

~ .rI 1.4 5 U)
0) U S  5 0 )  c~~ > s  ~ 8 di U) S II

S i-I -r4 U di > di ‘~~~ 4.1 -IC ~~ .0 .0
1. di -.4 -.4 IC IC -IC 0 C ’ S  di 1-4 5 5

U ~) S b S U U Z I-’ -IC IC ICa a
a

- - • ~~~~~~~~ - -.r - - TT:I ? $ .  ~~~~~~~~ 
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Table 2 — Tabula tion of C
Q 
Data

MODEL: Quarter—Caliber Ogive
DIAMETER: 0.318 cm (0.125 inch)

FLUID: Water at 21.1°C (7 0°F )

C C CorrelationsVelocity Q Q
*fps mps L/D Experimental First Second

30 9.15 3.5 0.030 0.026 0.029
3.5 0.028 

• 
“

5.0 0.034 0.033 0.038
5.0 0.033 “

7.0 O.O~3 0.043 0.049
7.0 0.037 “

10.0 0.040 0.056 0.063
10.0 0.040 “

45 13.725 3.5 0.050 0.034 0.039
3.5 0.044 “

5.0 0.052 0.045 0.051
5.0 0.054 “

7.0 0.060 0.058 0.065
7.0 0.057 “

10.0 0.057 0.075 0.085
10.0 0.061 “

60 18.300 3.5 0.069 0.042 0.048
3.5 0.071 “

5.0 0.075 0.055 0.063
5.0 0.078 “

7.0 0.088 0.071 0.081
7.0 0.087 “

10.0 - 0.096 0.092 0.105
10.0 0.095 “ “

(

*Experiments conducted in 30.5 cm (12 inch) water tunnel.

I ~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 2 — Tabulation of CQ Data (Cont.)

MODEL : Quarter—Caliber Og.~ve
DIANETER: 0.635 cm (0.25 inch)

FLUID: Water at 21.1°C (70° F)

C C Correlations
Velocity Q Q

*fps mps L/D Experimental First Second

30 9.15 2.0 0.022 0.021 0.024
2.0 0.030 “

3.5 0.042 0.032 0.037
3.5 0.046 “

5.0 0.055 0.042 0.048
5.0 0.058 “

8.0 0.060 0.060 0.068
8.0 0.064 “

10.0 0.068 0.070 0.080
10.0 0.070 “

45 13.725 2.0 0.034 0.029 0.033
2.0 0.035 “ “
3.5 0.055 0.043 0.049
3.5 0.058 “

5.0 0.071 0.056 0.064
5.0 0.075 “

8.0 0.085 0.080 0.091
8.0 0.090 - “ “
10.0 0.100 0.094 0.107
10.0 0.108 “ “

60 18,300 2.0 0.037 0.035 0.040
2.0 0.040 “

3.5 0.065 0.053 0.061
3.5 0.069 “

5.0 0.085 0.069 0.079
5.0 0.087 “

8.0 0.110 0.098 0.112
10.0 0.134 0.116 0.132

*Experiments conducted in 30.5 cm (12 inch) water tunnel.
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Table 2 — Tabulation of C
Q 
Data (Cont.)

MODEL: Quarter—Caliber Ogive
DIAMETER: L27 cm (0.50 inch)

FLUID: Water at 21.1°C (70°F)

Velocity C
Q 

C
Q 
Correlations

fps mps L/D Experimental First Second

30 9.15 1.0 0.017 0.016 0.018
1.0 1.017 “ “
1.75 ‘~.O29 0.024 0.028
1.75 0.030 “ “
2.5 0.040 0.032 0.036
2.5 0.039 “ “
3.5 0.054 0.041 0.046
3.5 0.057 “

5.0 0.070 0.053 0.060
5.0 0.070 “ “

45 13.725 1.0 0.019 0.022 0.025
1.0 0.018 “ “
1.75 0.035 0.032 0.037
1.75 0.036 “

2.5 0.050 0.042 0.049
2.5 0.053 “ “
3.5 0.070 0.054 0.062
3.5 0.073 “

5.0 0.090 0.071 0.082
5.0 0.098 “

60 18.300 1.0 0.017 0.026 0.030
1.0 0.017 “ “
1.75 0.036 0.040 0.046
1.75 0.037 “

2.5 0.054 0.052 0.060
2.5 0.055 “

3.5 0.075 0.067 0.077
3.5 0.078 “ “

(

*Experiments conducted in 30.5 cm (12 inch) water tunnel.

• 
. • ••
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Table 2 — Tabulation of CQ Data (Cont.)

MODEL: Zero—Caliber Ogive
DIAMETER: 0.318 cm (0.125 inch)

FLUID: Water at 21.1°C (70°F)

C C Correlations
Velocity Q Q

*fps mps L/D Experimental First Second

30 9.15 3.5 0.092 0.087 0.098
3.5 0.095 “ “
5.0 0.126 0.112 0.126
5.0 0.128 “

70 0.135 0.141 0.159
7.0 0.138 “

7.0 0.143 “

45 13.725 3.5 0.112 0.098 0.111
3.5 0.113 “

5.0 0.151 0.126 0.142
5.0 0.155 “ “
7.0 0.167 0.158 0.179
7.0 0.170 “ “

60 18.300 3.5 0.120 0.107 0.121
3.5 0.123 “

5.0 0.150 0.137 0.155
5.0 0.158 “

7.0 0.182 0.172 0.196
7.0 0.187 “ “

(

*Experiments conducted in 30.5 cm (12 inch) water tunnel.

- • . l?~~~~~ -~~~~~ •• t.pm$* ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~
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Table 2 — Tabula tion of  C
Q 
Data (Cont.)

MODEL: Zero—Caliber Ogive
DIAMETER: 0.635 cm (0.25 inch)

( FLUID: Water at 21.1°C (70° F)

C C Correlations
Velocity Q Q

*fps mps L/D Experimental First Second

30 9.15 2.0 0.061 0.063 0.072
2.0 0.062 “ “
3.5 0.100 0.093 0.106
3.5 0.103 “

5.0 0.131 0.119 0.135
5.0 0.135 “

8.0 0.170 0.165 0.187
8.0 0.175 II II

10.0 0.200 0.192 0.218
10.0 0.203 “

45 13.725 2.0 0.048 0.071 0.081
2.0 0.053 “

3.5 0.105 0.105 0.119
3.5 0.110
5.0 0.158 0.134 0.152
5.0 0.160 1~

8.0 0.203 0.186 0.211
8.0 0.214 “

10.0 0.228 0.216 0.246
10.0 0.236 U

60 18.300 2.0 0.040 0.077 0.088
2.0 0.040
3.5 0.113 0.114 0.130
3.5 0.115 “ “
5.0 0.160 0.146 0.166
5.0 0.163 “

(

*Experimentg conducted in 30.5 cm (12 inch) water tunnel.

- 
- 
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Table 2 — Tabula tion of C
Q 
Data (Cont.)

MODEL: Zero—Caliber Ogive
DIAMETER: 1.27 cm (0.5 inch)

FLUID: Water at 21.1° C (70° F)

Velocity C
Q - 

C
Q 
Correlations

fps mps L/D Experimental* First Second

30 9.15 1.25 0.080 0.049 0.056
125 0 085 “

1.25 0.085 I’ U

1.25 0.085 “

1.80 0.107 0.063 0.071
1.80 0.110 “ “
1.80 0.113 “

1.80 0.115 “ U

1.80 0.119 “

2.5 0.148 0.079 0.090
2 5  0 155 “

2.5 0.165 “ “

*Experiments conducted in 30.5 cm (12 inch) water tunnel.
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Table 3 — Empirical Equations for Cavity Geometry

Zero—Caliber Ogive Quarter—Caliber Ogive

a=  0.751 (
L)
_0.75 

a = 0.460 (L)
0.66

= 1.43 a 034 
= 1.02 a 036

* 

0.557 ~
_l.22 ft = 0.196

CA 
= 4 5 9  (L)l.l9 CA 

= 2.06 (
L
)
1.l8

where

a = cavitation number based on cavity pressure

L length of cavity

D = maximum body diameter

= maximum diameter of the cavity

A = axial distance from the leading edge of the cavity
to the location of maximum cavity diameter
A

CA = = area coefficient
D

= su:face area of cavity.

(

1 •

- -

~~~~ 

— 

.q1,p.
~~ .‘~~ ~~‘ • ~~~~~
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Table 4

Constants and Exponents for Entrainment Theory — First Correlation

Model Quantity Eq. Constant L/D Re Fr We Pr Pe
- 

No. C2, C3 or C4 • 
Exp. Exp. Exp. Exp. Exp. Exp.

C 13 0.424 x io 2 0.69 0.16 0.13 0
Zero—Caliber Q

* —3Nu 14 0.148 x 10 —1.33 1.39 0.15 0 0.85
Ogive

*AT 15 6.221 0.83 —1.23 —0.02 0 —0.85 1.0

C 13 0.320 x l0~~ 0.74 0.46 0.26 0
Quarter—Caliber —2Nu 14 0.464 x 10 —0.70 1.03 0.30 0 0.41
Ogive 

* —2AT 15 0.335 x 10 0.26 —0.57 —0.04 0 —0.41 1.0max

Zero—Caliber Ogives: C
A 

= 4.59 (L/D)~~~
9

Quarter—Caliber Ogives: C
A 

= 2.06 (L/D)1’18

*These correlations are the same as those givei. in References (1] and [12] except ~nr
small adjustments in the constants due to the us’s of new fluid property data for
Freon 113.

• • • • -~~ -~~~~~~~~~~ - T7;~~?~~- ~~- Ø,,.• 4 - ;~~-



—44— 30 January 1978
JWH:MLB :DSW: jep

Table 5

Constants and Exponents for Entrainment Theory — Second Correlation

Model Quantity Eq. Constant L/D Re Fr We Pr Pe
No. C2, C3 or C4 Exp . Exp . Exp . Exp. Exp. Exp.

C 13 0.225 x 10
_i 

0.69 —0.10 0 0.40 
Zero—Caliber 

2
Nu 14 0.415 x 10 —1.37 0.90 0 0.68 0.64

Ogive
AT 15 1.183 0.87 —1.00 0 —0.28 —0.64 1.0max

C 13 0.836 x 1O~~ 0.74 —0.06 0 0.79
Quarter—Caliber

Nu 14 0.271 —0.70 0.41 0 0.93 0.31
Ogive 

• 315 1.498 x 10 0.26 —0.47 0 —0.14 —0.31 1.0

Zero—Caliber Ogives: C
A 

= 4.59 (LiD)1’19

Quarter—Caliber Ogives: CA 
= 2.06 (L/D) 1’18

(

— 
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Table 6 — Tabulation of AT Datamax

MODEL : Quarter—Caliber Ogive
DIAMETER: 0.635 cm (0.25 inch)

FLUID : Freon 113
ATAT maxmax ** ***Velocity Temperature Experimental * 1st Corr. 2nd Corr.Figure

_fps inps °F °C L/D °F °C Number °F °C °F

64 19.5 103.6 39.8 2.0 3.1 1.72 11 2.57 1.43 2.59 1.44
103.8 39.9 3.5 3.4 1.89 11 3.00 1.67 3.02 1.68
104.5 40.3 5.0 3.7 2.06 11 3.34 1.86 3.36 1.87

120.6 49.2 2.0 3.8 2.11 12 3.43 1.91 3.44 1.91
122.5 50.2 3.5 4.1 2.27 12 4.12 2.29 4.12 2.29
122.4 50.2 5.0 4.2 2.33 12 4.51 2.51 4.53 2.52

140.2 60.1 2.0 5.6 3.11 13 4.66 2.59 4.66 2.59
141.9 61.1 3.5 5.9 3.28 13 5.55 3.08 5.55 3.08
142.0 61.1 5.0 6.2 3.44 13 6.02 3.34 6.03 3.35

158.6 70.3 2.0 7.2 4.00 14 6.08 3.38 6.07 3.37
160.5 71.4 3.5 7 .7  4.27 14 7.25 4.03 7.24 4.02
161.7 72.1 5.0 8.1 4.50 14 8.10 4.50 8.09 4.49

179.4 81.9 2.0 9.4 5.22 15 8.00 4.44 8.04 4.47
181.6 83.1 3.5 10.0 5.56 15 9.60 5.33 9.55 5.31
180.8 82.7 5.0 10.0 5.56 15 10.45 5.81 10.41 5.78

199.9 93.3 2.0 11.6 6.44 16 10.35 5.75 10.24 5.69

120 36.6 120.5 49.2 2.0 3.6 2.00 17 4.35 2.42 4.37 2.43
127.9 53.3 2.0 4.3 2.39 17 4.90 2.72 4.92 2.73
115.5 46.4 3.5 4.0 2.22 17 4.65 2.58 4.68 2.60
124.6 51.4 3.5 4.9 2.72 17 5.39 2.99 5.43 3.02
110.2 43.4 5.0 4.9 2.72 17 4.68 2.60 4.72 2.62
122.2 50.1 5.0 5.9 3.28 17 5.71 3.17 5.75 3.19

147.2 64.0 2.0 5.9 3.28 18 6.56 3.64 6.57 3.65
144.3 62.4 3.5 7.0 3.88 18 7.30 4.06 7.32 4.07
141.2 60.7 5.0 7.4 4.11 18 7.67 4.26 7.70 4.28

165.2 74.0 2.0 7.9 439 19 8.46 4.70 8.45 4.69
162.5 72.5 3.5 8.4 4.67 19 7.67 4.27 7.68 4.27
160.4 71.3 5.0 9.3 5.17 19 10.11 5.62 10.21 5.67

182.6 83.7 2.0 11.2 6.22 20 10.63 5.91 10.60 5.89
181.0 82.8 3.5 11.6 6.44 20 12.09 6.72 12.07 6.71
179.4 81.9 5.0 12.3 6.83 20 13.03 7.24 13.01 7.23

202.4 94.7 2.0 12.8 7.11 21 13.53 7.52 13.41 7.45
201.9 94.4 3.5 13.4 7.44 21 15.61 8.67 15.50 8.61
201.0 93.9 5.0 15.9 8.83 21 16.99 9.44 16.88 9.38

*Figure number for AT versus X/L plot.

**The first correlation involves the dimensionless parameters Fr, Re, Pr, Pc, L/D.

***The second correlation involves the dimensionless parameters We, Re, Pr, Pe, LID.
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Table 6 — Tabulation of AT Data (Cont.)max

MODEL: Quarter—Caliber Ogive
DIAMETER: 0.318 cm (0.125 inch)

FLUID: Freon 113

AT ATmax max
Velocity Temperature Experimental * 1st Corr. 2nd Corr.Figure
fps mps °F °C LID °F °C Number °F °C °F °C

64 19.5 118.8 48.2 4.0 2.6 1.44 22 2.93 1.63 2.93 1.63
121.9 49.9 5.2 2.9 1.61 22 3.30 1.83 3.31 1.84
125.7 52.1 7.0 3.0 1.67 22 3.80 2.11 3.81 2.12

135.2 57.3 4.0 3.1 1.72 23 3.80 2.11 3.79 2.11
139.5 59.7 5.2 3.6 2.00 23 4.35 2.42 4.34 2.41
144.1 62.3 7.0 3.9 2.17 23 3.82 2.12 3.82 2.12

154.2 67.9 4.0 4.6 2.55 24 5.01 2.78 5.01 2.78
163.9 73.3 5.2 5.2 2.89 24 7.11 3.95 7.07 3.93
162.7 72.6 7.0 5.8 3.22 24 6.57 3.65 6.54 3.63

• 180.2 82.3 4.0 7.0 3.89 25 7.14 3.97 7.09 3.94
174.5 79.2 5.2 8.3 4.61 25 7.11 3.95 7.07 3.93
180.0 82.2 7.0 8.6 4.78 25 8.27 4.59 8.22 4.57

198.4 92.4 4.0 8.2 4.56 26 8.94 4.97 8.84 4.91

90 27.4 118.0 47.8 4.0 3.1 1.72 27 3.30 1.83 3.30 1.83
117.1 47.3 5.2 3.2 1.78 27 3.48 1.93 3.46 1.92
115.9 46.6 7.0 3.8 2.11 27 3.69 2.05 3.70 2.06

130.8 54.9 4.0 4.0 2.22 28 4.04 2.24 4.04 2.24
130.3 54.6 5.2 4.4 2.44 28 4.30 2.39 4.30 2.39
130.6 54.8 7.0 4.4 2.44 28 4.67 2.59 4.68 2.60

153.7 67.6 4.0 6.2 3.44 29 5.67 3.15 5.67 3.15
155.5 68.6 5.2 6.8 3.78 29 6.25 3.47 6.24 3.47
158.8 70.4 7.0 8.2 4.56 29 7.08 3.93 7.07 3.93

180.1 82.3 4.0 10.6 5.89 30 8.12 4.51 8.07 4.48

120 36.6 131.4 55.2 4.0 4.6 2.56 31 4.55 2.53 4.56 2.54
128.4 53.6 5.2 4.8 2.67 31 4.65 2.58 4.66 2.59
125.5 51.9 7.0 5.1 2.83 31 4.81 2.67 4.83 2.68

144.0 62.2 4.0 5.6 3.11 
- 

32 5.50 3.06 5.51 3.06
141.7 60.9 5.2 6.2 3.44 32 5.70 3.17 5.71 3.17
137.6 58.7 7.0 6.6 3.67 32 5.80 3.22 5.82 3.23

162.6 72.6 4.0 7.6 4.22 33 7.17 3.98 7.16 3.98
162.6 72.6 5.2 8.4 4.67 33 769 4.27 7.68 4.27
161.4 71.9 7.0 8.8 4.89 33 8.19 4.55 8.18 4.54

183.2 84.0 4.0 8.8 4.89 34 9.42 5.23 9.37 5.21
181.2 82.9 5.2 9.8 5.44 34 9.85 5.47 9.80 5.44
178.3 81.3 7.0 11.1 6.17 34 10.27 5.71 10.23 5.68

*Figure number for AT versus X/L plot.
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Table 6 — Tabulation of AT Data (Cont.)
max

MODEL: Quarter—Caliber Ogive
DIAMETER: 0.318 cm (0.125 inch)

FLUID: Freon 113

AT ATmax max
Velocity Temperature Experimental * 1st Corr. 2nd Corr.

Figure
fps mps °F °C L/D °F °C Number °F °C °F

120 36.6 188.0 86.7 4.0 10.2 5.67 35 10.00 5.56 9.94 5.52
187.1 86.2 5.2 11.4 6.33 35 10.61 5.89 10.55 5.86

195.5 90.8 4.0 11.2 6.22 36 10.96 6.09 10.88 6.04
200.8 93.8 5.2 13.3 7.39 36 12.52 6.96 12.41 6.89
201.9 94.4 7.0 14.0 7.78 36 13.72 7.62 13.60 7.56

MODEL : Quarter—Caliber Ogive
DIAMETER: 0.635 cm (0.25 inch)

FLUID: Water

AT ATmax max
Velocity Temperature Experimental 

Figure 1st Corr. 2nd Corr.

fps mps °F °C L/D °F °C Number °F °C °F

64 19.5 149.1 65.1 2.0 0.2 0.11 37 0.21 0.12 0.21 0.12
150.4 65.8 3.5 0.3 0.17 37 0.25 0.14 0.25 0.14
151.9 66.6 5.0 0.3 0.17 37 0.28 0.16 0.28 0.16

200.4 93.6 2.0 0.5 0.28 38 0.56 0.31 0.56 0.31
202.6 94.8 3.5 0.6 0.33 38 0.68 0.38 0.68 0.38
204.5 95.8 5.0 0.7 0.39 38 0.77 0.43 0.77 0.43

245.0 118.3 2.0 1.2 0.67 39 1.17 0.65 1.16 0.64
247.8 119.9 3.5 1.4 0.78 39 1.42 0.79 1.41 0.78
250.3 121.3 5.0 1.5 0.83 39 1.85 1.03 1.85 1.03

120 36.6 148.6 64.8 2.0 0.16 0.09 40 0.21 0.12 0.20 0.11
148.5 64.7 3.5 0.2 0.11 40 0.25 0.14 0.24 0.13
148.2 64.6 5.0 0.4 0.22 40 0.43 0.24 0.43 0.24

196.9 91.6 2.0 0.6 0.33 41 0.67 0.37 0.67 0.37
196.3 91.3 3.5 1.0 0.56 41 0.77 0.43 0.78 0.43
194.8 90.4 5.0 1.3 0.72 41 0.85 0.47 0.85 0.47

251.8 122.1 2.0 1.6 0.89 42 1.65 0.92 1.64 0.91
249.5 120.8 3.5 1.9 1.06 42 1.84 1.02 1.84 1.02
247.0 119.4 5.0 2.0 1.11 42 1.96 1.09 1.96 1.09

*Figure number for AT versus X/L plot.
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Table 6 — Tabulation of AT Data (Cont.)
max

MODEL: Zero—Caliber Ogive
DIAMETER: 0.635 cm (0.25 inch)

FLUID: Freon 113

AT ATmax max
Velocity Temperature Experimental * 1st Corr. 2nd Corr.

Figure
fps mps °F °C L/D °F °C Number °F °C °F

64 19.5 121.6 49.8 .2.0 1.0 0.56 43 0.92 0.51 0.94 0.52
122.6 50.3 3.5 1.7 0.94 43 1.50 0.83 1.55 0.86
123.2 50.7 5.0 2.3 1.28 43 2.04 1.13 2.14 1.19

142.0 61.1 2.0 1.2 0.67 44 1.23 0.68 1.24 0.69
143.0 61.7 3.5 1.9 1.06 44 1.99 1.11 2.05 1.14
142.5 61.4 5.0 2.9 1.61 44 2.66 1.48 2.78 1.54

158.0 70.0 2.0 1.5 0.83 45 1.51 0.84 1.52 0.85
159.9 71.1 3.5 2.5 1.39 45 2.45 1.36 2.53 1.41
160.9 71.6 5.0 3.8 2.11 45 3.34 1.86 3.47 1.93

177.7 80.9 2.0 1.5 0.83 46 1.90 1.06 1.91 1.07
179.5 81.9 3.5 2.8 1.56 46 3.11 1.73 3.19 1.77
180.4 82.4 5.0 4.6 2.56 46 4.26 2.37 4.41 2.45

195.3 90.7 2.0 2.0 1.11 47 2.31 1.28 2.31 1.28
199.1 92.8 3.5 3.5 1.94 47 3.81 2.12 3.90 2.17
201.9 94.4 5.0 5.2 2.89 47 5.32 2.96 5.47 3.04

120 36.6 125.6 52.0 2.0 0.9 0.50 48 0.83 0.46 0.82 0.45
123.5 50.8 3.5 1.2 0.67 48 1.29 0.72 1.31 0.73
121.6 49.8 5.0 1.7 0.94 48 1.69 0.94 1.74 0.97
144.3 62 .4 2.0 1.0 0.56 49 1.02 0.57 1.01 0.56
142.6 61.4 3.5 1.4 0.78 49 1.68 0.93 1.69 0.94
141.4 60.8 5.0 2.7 1.50 49 2.22 1.23 2.28 1.27
159.1 70.6 2.0 1.3 0.72 50 1.29 0.72 1.28 0.71
158 l 70.1 3.5 2.3 1.28 50 2.05 1.14 2.06 1.15
157.1 69.5 5.0 3.6 2.00 50 2.73 1.52 2.78 1.54

184.0 84.4 2.0 1.3 0.72 51 1.74 0.97 1.71 0.95
177.2 80.7 3.5 2.4 1.33 51 2.57 1.43 2.58 1.44
176.3 80.2 5.0 4.7 2.61 51 3.34 1.91 3.49 1.94

198.5 92.5 2.0 1.8 1.00 52 2.03 1.13 1.98 1.10
197.8 92.1 3.5 3.0 1.67 52 3.22 1.79 3.21 1.78
197.2 91.8 5.0 4.8 2.67 52 4.31 2.39 4.35 2.42

(

*Figure number for AT versus XIL plot.
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Table 6 — Tabulation of AT Data (Cont.)max

MODEL: Zero—Caliber Ogive
DIAMETER: 0.318 cm (0.125 inch)

FLUID : Freon 113

AT ATmax max
Velocity Temperature Experimental - * 1st Corr. 2nd Corr.Figure
fps mps °F °C L/D °F °C Number °F °C °F

64 19.5 102.0 38.9 4.0 2.1 1.17 53 1.43 0.79 1.81 1.01
106.0 41.1 5.2 2.2 1.22 53 1.90 1.06 1.90 1.06
110.0 43.3 7.0 2.3 1.28 53 2.59 1.44 2.62 1.46

118.5 48.1 4.0 2.0 1.11 54 1.91 1.06 1.93 1.07
119.6 48.7 5.2 2.2 1.22 54 2.00 1.11 2.00 1.11
120.6 49.2~. 7.0 2.5 1.39 54 2.41 1.34 2.42 1.34

137.5 58.6 4.0 2.4 1.33 55 2.40 1.33 2.38 1.32
140.3 60.2 5.2 2.8 1.56 55 3.11 1.73 3.10 1.72
140.8 60.4 7.0 3.1 1.72 55 2.89 1.61 2.78 1.54

158.3 70.2 4.0 3.1 1.72 56 3.14 1.74 3.10 1.72
159.2 70.7 5.2 3.7 2.06 56 3.96 2.20 3.94 2.19
161.9 72.2 7.0 4.0 2.22 56 4.62 2.57 4.54 2.52

173.9 78.8 4.0 3.6 2.00 57 3.79 2.11 3.73 2.07
178.3 81.3 5.2 4.6 2.56 57 4.94 2.74 4.94 2.74
177.8 81.0 7.0 5.2 2.89 57 6.33 3.52 6.33 3.52

191.5 88.6 4.0 4.0 2.22 58 4.62 2.57 4.52 2.51
200.0 93.3 5.2 5.4 3.00 58 6.28 3.49 6.18 3.43
200.3 93.5 7.0 6.8 3.78 58 8.09 4.49 8.03 4.46

120 36.6 127.5 53.1 4.0 1.8 1.00 59 1.75 0.97 1.74 0.96
124.8 51.6 5.2 2.1 1.17 59 2.06 1.14 2.05 1.13
119.6 48.7 7.0 2.8 1.56 59 2.79 1.55 2.80 1.56

148.2 64.6 4.0 2.5 1.39 60 2.32 1.29 2.32 1.29
145.7 63.2 5.2 3.1 1.72 60 3.15 1.75 3.17 1.77
144.9 62.7 7.0 3.3 1.83 60 3.21 1.78 3.35 1.86

164.8 73,8 4.0 3.1 1.72 61 2.95 1.64 2.96 1.65
165.7 74.3 5.2 3.5 1.94 61 4.21 2.34 4.19 2.32
161.8 72.1 7.0 4.2 2.33 61 4.23 2.33 4.32 2.40

183.4 84.1 4.0 3.4 1.89 62 3.41 1.89 3.41 1.89
184.2 84.6 5.2 4.6 2.56 62 4.52 2.51 4.52 2.51
183.3 84.0 7.0 5.2 2.89 62 5.14 2.86 5.14 2.86

199.8 93.2 4.0 4.5 2.50 63 4.00 2.22 4.01 2.23
201.7 94.3 5.2 6.2 3.44 63 6.10 3.39 6.09 3.38
200.4 93.6 7.0 7.5 4.17 63 7.32 4.07 7.31 4.06

*Figure number for AT versus XIL plot.
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Table 6 — Tabulation of AT Data (Cont.)max

MODEL: Zero—Caliber Ogive
DIAMETER: 0.635 cm (0.25 inch)

FLUID: Water

AT AT
- max max

Velocity Temperature Experimental * 1st Corr. 2nd Corr.
Figure

fps mps °F °C L/D °F °C Number °F °C °F °C

64 19.5 146.1 63.4 2.0 0.15 0.08 64 0.09 0.05 0.09 0.05
147.3 64.1 3.5 0.20 0.11 64 0.15 0.08 0.16 0.09
148.9 64.9 5.0 0.50 0.28 64 0.45 0.25 0.45 0.25

197.0 91.7 2.0 0.30 0.17 65 0.24 0.13 0.24 0.13
198.9 92.7 3.5 0.40 0.22 65 0.40 0.22 0.39 0.22
199.7 93.2 5.0 0.60 0.33 65 0.52 0.29 0.51 0.28

245.6 118.7 2.0 0.60 0.33 66 0.52 0.29 0.53 0.29
248.2 120.1 3.5 0.70 0.39 66 0.65 0.36 0.64 0.36
250.7 121.5 5.0 1.20 0.67 66 1.10 0.61 1.11 0.62

120 36.6 192.2 89.0 3.5 0.09 0.05 67 0.09 0.05 0.09 0.05
192.7 89.3 5.0 0.40 0.22 67 0.42 0.23 0.42 0.23

239.3 115.2 2.0 0.40 0.22 68 0.40 0.22 0.39 0.22
240.6 115.9 3.5 0.50 0.28 68 0.60 0.33 0.65 0.36
241.9 116.6 5.0 1.04 0.58 68 0.91 0.51 0.91 0.51

(

*Figure number for AT versus XIL plot.
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Table 7 — Fluid Property Equations for Freon 113

[1] General form of equations for 
~L’ ~L’ ~v’ 

A , CpL, K~, and S

f(T) = a0 + a1T + a2T
2 + ... + aTn

where T is the temperature in degrees Fahrenheit

2LBf
_sec

[2] Coefficients for liquid mass density 
~~~~ 

units of 
~L 

= 
4inch

a0 = 0.0599 a2 = —0.3681 x 10

—4a1 = —0.4124 x 10

LBf _sec
[3] Coefficients for liquid dynamic viscosity 

~~~~ 
units of 

~L = 
2

4 12 inch
a0 = 0.8132 x 10 a4 

= —0.2809 x 10

a1 = —0.1029 x 10~~ a5 
= 0.1830 x io 14

a2 = 0.7669 x 10 8 a6 = —0.3452 x io
_17

a3 = —0.9971 x 10

2LBf
_sec

[4] Coefficients for vapor mass density 
~~~~ 

units of = 
4

4 10 inch
a0 

= —0.2824 x 10 a4 —0.1027 x 10

a1 
= 0.3725 x 10~~ a5 

= 0.4868 x io
_13

a2 —0.8074 x l0~~ a6 
= —0.1208 x 10

_is

a3 
= 0.1306 x io 8 

a7 
= 0.1231 x io~~

8

[5] Coefficients for latent heat of vaporization (A); units of ~ = 
BTU—inch

—6 
LBf —seca0 

= 72.5755 a
4 

= 0.1521 x 10

a1 
= —0.1524 a

5 
= —0.4919 x l0~~ 

-

a2 
= 0.2079 x io 2 

a6 0.6440 x io
_12

a
3 

= —0.2460 x 1O~~

~~~~~~ ~~~~ 
- 

-
. - -~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 7 — Fluid Property Equations for -Freon 113 (Cont.)

[6] Coefficients for liquid specific heat (CpL); units of CPL 
= 

BTU—inch

—10 
LBf

_sec —°F
a0 

= 0.22714 a
4 

= —0.9724 x 10

a1 
= —0.4513 x ~~~~ a5 

= 0.2412 x io
_11

a2 0.1147 x l0~~ a
6 

= —0.5995 x io
_14

a
3 

—0.7254 x

[7] Coefficients for liquid thermal conductivity 
~~~~ 

units of KL 
= 

inch—sec—°F

a0 0.11199 x 10~~ a1 
= —0.15277 x io

_8

LB
[8] Coefficients for surface tension (S); units of S =

a0 0.1359 x 10~~ a
3 

= 0.9873 x io~~
2

a1 —0.3804 x io 6 a4 
= —0.4178 x io 14

a2 —0.1700 x 10
_10

LB
[9] Equation for vapor pressure (P,~,); units of 

~v 
absolute

inch
= 10~’ 

/

where g (T) = 33.0655 — 4330.98 _ 9.2635 log10T + 0.0020539 T

and where T is the temperature in degrees Rankine.

(

.5- 

~~~~~~~~~~~~~~~ ‘~~ 
•
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Table 8 — Fluid Property Equations for Water

[1] General form of equations for 
~L’ 

V
L

I 
~v’ ~ 

aLl KL, S, and

f(T) = a
0 + a1T + a2T

2 
+ ... + a T 1

where T is the temperature in degrees Fahrenheit

2LBf~
.sec

[2] Coefficients for liquid mass density 
~~~~ 

units of 
~L 

= 
4

1 inch
80 = 0.9345 x 10 a

3 
= 0.4036 x 10

a1 
= 0.1294 x 1O~~ a4 

= —0.4056 x io
_15

a2 
= —0.2104 x

[3] Coefficients for liquid kinematic viscosity (VL) ,  units of UL = 
inch2

a0 
= 0.4504 x l0

_2 
a4 

= —0.5370 x iO~~~

a1 
= —0.7123 x lO~~ a5 

= 0.4123 x l0 13

a2 = 0.5078 x io 6 
a6 

= —0 .9724 x io~~
6

83 = —0.1188 x io.8 8
7 

= 0.8112 x lO~~~ 
2LBf _sec

[4] Coefficients for vapor mass density 
~~~~ 

units of = 4
10 inch

80 
= 0.2548 x l0 a

3 
= —0.1730 x 1U~~

8
1 

= 0.5652 x 10~~~ a4 
0.1514 x io

_16

a2 = 0.1819 x lO
_ 12 

a5 
0.3768 x l0

_19

[5) Coefficients for latent heat of vaporization (A); units of A = 
BTU—inch

6 _3 LB
f —seca0 

= 0.4201 x 10 a
3 —0.1991 x 10

a1 —0.2187 x lO~ a4 
= —0.2981 x

a 0.3115 x 10
_i

( 2

_
.f-

__  - • 
•- ‘~~~• S ~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
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Table 8 — Fluid Property Equations for Water (Cont.)

[6] Coefficients for liquid thermal diffusivity (a); units of = 
inch2

a0 
= 0.1795 x 10~~ a

3 
= 0.2448 x 10~~~

a1 
= 0.8871 x ~o

_6 
a4 

= 0.6256 x io
_13

a2 
= —0.5335 x io 8 a5 = 0.6104 x lO~~

6

[7] Coefficients for liquid thermal conductivity (1(L); units of 
= 

inch—sec—°F

a0 
= 0.6579 x ~~~~ 83 

= 0.7771 x io
_12

a1 
= 0.3003 x l0~~ a4 

= —0.1922 x

a2 
= —0.1818 x 10~~ a5 

= 0.1854 x 10
_li

LB
[8) Coefficients for surface tension (S); units of S = 

in~h

a0 
= 4.4269 x ~~~ a4 

= —1.7329 x

a1 
= —2.2418 x l0~~ a5 

= 3.4789 x 1o 16

a2 
= —4.8683 x 10 8

6 
= —2.6182 x

a
3 

= 4.0331 x 10
_li

LB
[9) Coefficients for vapor pressure (P

~
); units of = absolute

1 8 inch
a0 

= —0.7533 x 10 a
4 —0.7887 x 10

a
1 

= 0.6523 x lO
_2 

85 
= 0.4794 x 10~~~

a
2 

= —0.1024 x 10~~ a6 
= —0.3561 x

8
3 

= 0.1736 x l0~~ a7 0.5746 x io 17

(

T~~ -~---~~ ~~~~~~~~~~~~~~ - .5 • 
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Table 11 — t~T Correlations for Constant Fluid Propertiesmax

SHAPE FLUIDS CORRELATION METHOD EQUATIONS FOR t~T

Zero—Caliber Entrainment Method 
~T c(L/D)0’83 r °-25 D °22

Ogive First Correlation max

Zero—Caliber Entrainment Method 
~T = c(L/D)°87 ~—0~~8 D °~~

4
Ogive Water Second Correlation max

Quarter—Caliber Freon 113 Entrainment Method 
~T = C(L/D)°26 ~0.39 D°45Ogive First Correlation max

Quarter—Caliber Entrainment Method 
~T = c(L/D) 0 2 6  V°~~

9 D°~~
6

Ogive Second Correlation max
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Figure 1 — Description of the Nose Contour of Ogive Test Models
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ZERO -CA L IBER OG I VE - FREON 113
MODEL DIAMETER: 0.318 cm

6
LID

~ 
4~~ 

~~~~~~~~~~~~~~~ 
:

- — ENTRA INMENT THEORY 
£ 

-

~ 2 - -

VELOCITY = 19.5 rn/sec 
-S

I—

z 
~~~~

— —
0

CAV ITY

4 :  L/D .7.o

\

~~~~~~~~~ * :
2 -  -

- 
~~~~~~~~~ — ~ VELOCITY • 36.6 rn/sec -

0 I I I I I
40 50 60 70 80 90

FREE-STREAM TEMPERATURE. T~~(deg C)

Figure 5 - Maximum Temperature Depression Versus Free Stream
Temperature for the 0.318 cm Diameter Zero—Caliber
Ogive in Freon 113
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ZERO-CALIBER OG IVE - FREON 113
MODEL DIAMETER: 0.635 cm
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FREE-STR EAM TEMPERATURE , T~~(deg C)

Figure 6 — Maximum Temperature Depression Versus Free Stream
Temperature for the 0.635 cm Diameter Zero—Caliber
Ogive in Freon 113
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( ZERO-CALIBER OG IVE - WATER

MODEL DIAMETER: 0.635 cm
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- o 2 0  -
0.8 

— ENTRA INMENT THEORY 
LID = ~~~~~~~~~~~~~~~~~

~~ 
°: 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ OcITY = 19.5 m±c
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Tc~~~~~~~~~~~
AVI TY

o.:L 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ vELOcITY~~~~~~/sec~
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10 80 90 100 110 120
FREE-STREAM TEMPERATURE, T~ (d eg C)

Figure 7 — Maximum Temperature Depression Versus Free Stream
Temperature for the 0.635 cm Diameter Zero—Caliber
Ogive in Water
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-~~ QUARTER-CALIBER OG IVE - FREON 113
MODEL DIAMETER: 0.318 cm
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2 VELOCITY = 36.6 rn/sec 
-

a I I I I I I

40 50 60 70 80 90 100
• FREE-STREAM TEMPERATURE , T~, (deg C)

Figure 8 — Maximum Temperature Depression Versus Free Stream
Temperature for the 0.318 cm Diameter Quarter—Caliber( Ogive in Freon 113
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QUARTER-CALIBER OGIVE - FREON 113
MODEL DIAMETER: 0.635 cm
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Figure 9 — Maximum Temperature Depression Versus Free Stream
Temperature for the 0.635 cm Diameter Quarter—Caliber
Ogive in Freon 113
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QUARTER-CALIBER OG IVE - WATER
MODEL DIAMETER: 0.635 cm
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Figure 10 — Maximum Tempera ture Depression Versus Free Stream
Temperature for the 0.635 cm Diameter Quarter—Caliber
Ogive in Water
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