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local friction coefficient

local friction coefficient with unheated plate

specific heat at constant pressure; without subscript
refers to vapor layer

local heat transfer coefficient q_w/(Tw-Ti)

thermal conductivity; without subscript refers to vapor
Nusselt number, hx/k

Prandtl number, Cpu /k

local heat flux

Reynolds number based on stream properties

static temperature

T, + T
liquid layer reference temperature Ty = i > £
Tw * Ti
vapor layer reference temperature Tv ==z

velocity in x-direction
exhaust velocity of jet
distance along plate from leading edge

coordinate measuring distance normel to plate

superheat parameter, cp(Tw-Ti) /A
subcooling parameter, CPL(Ti-TB) /A

overall velocity boundary layer thickness
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&,  liquid velocity boundary layer thickness
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1. INTRODUCTION

Skin friction is the predominant drag force with which bodies moving through

dense fluids must contend. A promising technique for significantly reducing

drag is the use of polymer additives to the fluid. Minute quantities of these

2
additives have domonstrated large reductions of fluid friction. L Polymeric
addition is apparently only effective in the turbulent regime where drag mey

be reduced by as m™ich as 50 to 70%.2 An alternative method of drag

reduction which is considered here, using film boiling, may be effective in
both the laminar and turbulent flow regimes.

Forced-convection film boiling is established when the temperature
of the heating surface is sufficiently high relative to the liquid temperature

thet a steble vapor layer exists between the heating surface and the moving

liquid. Stable films have been observed experimentally in the laminar flow

regime for hydrodynamically shaped bodie53 and spheresh at surface temperatures
above about 1000°F. It would appear that in such & situation, the vapor would

serve as & lubricating sheet, reducing drag, as well as an insuleting blanket.

Forced-convection film boiling has been studied in regard to heat

transfer problems at low velocities, e.g. Bromley et al5 considered flow in a

horizontal cylinder. Bradfield et al 3 6. 7, in enalytical and experimental

boundary 1Ayer studies indicated that very large skin friction coefficient

reductions were possible (greater than 90%) through surface film boiling in

laminar waﬁer flows. Results of theore#ical analysis of the two-phase forced-

~ 8
convection !:ininar boundary layer flow problem by Cess and Sparrow 9
indicated large skin frictior drag reductions.

FR P

also

The present study was initiated to extend the knowledge of film
boiling flows intq a higher speed regime by obtaining experimentel skin fric-
tion snd heat tranafer|data into the turtulens flow megime, using = FIab
plate vype of model. Experiments were planned to be conducted in the

&
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California Institute of Technology (CIT) high speed water tunnel. The

experimental program has not yet been started. Major problems were
encountered in developing a suitable model assembly, with a high surface heat
flux capability, sound electrical insulation properties and the desirable

power output control in the chordwise (flow) direction.

This report describes the model, instrumentation, and CIT water

tunnel support equipment designed and fabricated at this time, 1In addition,

the approximate laminar boundary layer theory of Reference 7 has been modified
and extended to now appiy to general liquid-vapor flow and gives good agreement

to the flat plate Blasius-type analysis of Reference 9., Farther, an analysis

was performed on & turbulent boundary layer system assuming a modified form

of the empirical Blasius equation. Although no experimental data are availeble

to confirm the assumption the analysis is believed to give reasonable esti-
mates under certain flow conditions and indicates an approach which can be

adjusted when experimental data are svailable.

The analyses indicate that very large drag reductions may be

obtained in both the laminar and turbulent flow regimes. In order to examine

the utility of application of this potential drag reduction a coefficient of
performance is examined for the water-steam case which accounts for the heat

energy input required to meintain the film layer.
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2. MODEL DESIGN AND INSTALLATION

The basic concept proposed for an experimental model is shown in Figures 2.1
and 2.2. The model upper and lower suriaces are flat plates and the model sides
are enclosed by & hydrofoil. The model is connected via & shielded strut to

a force balance. The surrounding hydrofoil is not connected to the force
balance, but to the tunnel walls directly and it extends across the tunnel
diameter. Heating of the model to the high temperatures required for film
boiling was proposed by electrical heating with Kanthal heater strips or ribbon
as illuctrated schematically in Detail A-A of Figure 2.2. The approximate
dimensions desirable for the model was estimated at 24 inch length, 4 inch

span and minimum practicel depth.

The present model design is fairly similar in principle to thut
proposed, except that the Kanthal heating strip concept had to be replaced
with a system of cartridge heaters, and the dimensions were changed to suit

the cartridge heater design.

2.1 Heaters

| A total power input of 150 Kw was considered desireble for the film
boiling experiments, with the power controllable in six zones, chordwise, to
maintain control of the surface temperature under anticipated operating
conditions. This allowed & nominel maximum total surface heat flux (for
both upper and lower surfaces) of 780 watts/in.2 This value is close to the
heat flux at the burn-out point for nucleate boiling in water at one atmosphere
(e.g. see Reference 11). Figure 2.3 shows the estimated power requirements
versus flow velocity with film boiling in water at one atmosphere and & wall
temperature of lOOOoF, for various distances from the leading edge of a flat
plate., The results from the analysis of Cess and Sparrow, Reference 9, were
used to obtain Figure 2.3. This applies, of course, only to leminar flow,
but no similar analysis was available for turbulent flow. The power

requirements vary also with ambient pressure, decreasing with decreasing
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SURFACE HEAT FLUX, watts/in?

2000

Tw = 1000°F
Ty, = 60°F
Ty = 212°F

1800 }
LAMINAR FLOW: CESS & SPARROW ANALY®IS
POWER REQUIREMENTS AT x" FROM L.E.

1200 ¢+

800 25 Kw/Zone x=4"

(Total = 150 Kw)

400 § ,
/// 24"
01 ' e A ] = |
0 20 40 60 80 100

VELOCITY, ft/sec

Figure 2.3. Surface Heat Flux Versus Velocity:Laminar
Flow Film Boiling




pressure. The CIT water tunnel can be cperated over a range from vapor

pressure to three atmospheres.

2.1.1 Strip Heater Design

Design paremeters were generated for the strip heater concept.
This concept was abandoned, as stated previously, but some typical data are
shown to illustrate the considerations for this type of heating. Figures 2.4
and 2.5 show the geometric parameters calculated for one strip heater cnil
(for one of six controllable chordwise zones) under the following conditions:

Chordwise length: 4 inches
Width of Coil: 4 inches

-1
Resistivity of Kanthal Al = 0,0006777 ohm x in2 x ft.

E =230 V.

Consideration was also given to temperature gradients within the
model, The copper between heater coils was relatively thin with respect to
the length of the conduction path to the cooled surface and hence an
approximate analysis was performed. One dimensional heat flux as shown in
Figure 2.4 was analyzed as for a thin fin, Constant heat flux from the strip
heater surface was assumed. Referring to Figure 2.4, heat through fin section

aty =~kA %:__
5T . &°m
at y + dy =(-k-—-k——§dy-.-o--)A

oy &Y

2
net gain from y to y + dy = kA -%—"Q dy
y

from heater surface, AQ

const., dy = Cl dy

Teking the assumptions stated and no heat flow across the centerline (due to
symnetry) the solution is

P A T
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> x (CHORDWISE DISTANCE)

— |- s

L 1 COIL, TOTAL LENGTH £
(NOTE 6 COILS TOTAL)

I
: 7 i
?ys }J

= SECTION A-A -

Figure 2.4. Strip Heater Geometry
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TEMPERATURE DROP, °F

TEMPERATURE DROP, °F

NOTE: TEMPERATURE DROP ACROSS
&y in Figure 2.4

HEATER SURFACE FLUX 50 WATTS/IN2

560 1-1/2
1-1/4
400
1
300
3/4
200 1/2
100 | = - 1/a
0
HEATER SURFACE FLUX 100 WATTS/IN2
500 d=2" 1-3/41"1/ 21—1/4 1 3/4
400 5/8
1/2
300 } /
3/8
100 /
0 g 0 1 [ 1 ]
20 40 60 80 100 120
d/f

Figure 2.6. Temperature Drop for Various Strip Heater Designs
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The results are shown in Figure 2.6 for the temperature drop along the fin
restriction for various geometric parameters and surface power loadings of

the heater strip.

From the various design considerations a selection was made of
standard 5/8" x .010" Kanthal Al strip, coiled in grooves cut in the copper
model, at spacings of 0.06". This heater material was considered initially,
due to its high resistivity and capability of operation up to 2500F. It is a
ferrous alloy (Al-Cr-Co) and if pre-oxidized in air a very stable coating of
eluminum oxide is formed of high electricel resistance. Two problems resulted
at this stage, however. Firstly material of this size (or similar) was not
available from stock. Secondly, the manufacturers found that the oxide
coating could be adversely affected by the presence of copper. Other strip
material of nickel-chrome alloys were examined with the possibilities of
refractory coatings for insulation, but this was found to be impractical. A
cartridge type of heater was finally adopted as an alternative,

2.1.2 Cartridge Heater Design

Discussions with Western Controls who are suppliers of Vulcan
Electric high flux cartridge heaters, were held on the cartridge heater concept.
This type cof heater is generally rated at about 100 watts/in2 of surface area,
However, these heaters have been used in previous nucleate boiling work for
fluxes of the same magnitude required for the present work (approximately
500 watts/inz). Speciel heaters were designed for the present application.
The cartridge heater design incorporates a ceramic core around which is wound
resistance wire (Kanthal wire for this case). Surrounding the wire windings
is highly compacted magnesium oxide powder (approximately 0.050" thick)

encased in an Inconel sheath.




Thermal ana)ysis indicated that two rows of cartridge heaters were
necessary as illustrated in Figure 2.7 and 2.8. The temperature gradient were
estimated in a similar way to the previous analysis, with the one-dimensional
ecaivelent fin path for conduction past the heaters indicested on the figures,
to obtain an estimate of the maximum temperature of the heater wire at the
core for a given model surface temperature. The temperature difference, AT
shown on Figures 2.7 and 2.8 consists of the internal temperature drop of the
heater from the wire surface to the surrounding copper surface of the model
and the temperature drop from the centerline points of the model to the edge
of the circumscribing rectangle containing the heaters. Tigure 2.7 applies
to 3/8 inch diameter heaters and Figure 2.8 applies to 1/2 inch diameter
heaters. The heater diameter chosen was 1/2" which was the minimum diameter

recommended by the manufacturer for high quality control of the heater assembly.

From the thermal analysis & design with TO heaters consisting of
two rows of 35 each was recommended for a 24 inch model length of a width as
hear to the model span as practical. However +this was modified to a total of
61 heaters in the final design, mainly due to the removal of heaters from the
central area where the strut connects,to allow space for power lead routing.

The final heater specifications were as follows:

Electrical Supply 230 V, 3 phase, 60 cycle A.C.
Max, power rating 3 kw

Diameter 0.500 inches

Overall length 3.00 inches

Leads 2 feet long - .062" dia. (nickel)

Each heater was tested in air at 1800°F surface temperature for
30 minutes before final machining of the outside diameter to tolerance size.
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2.2 PRESENT MODEL AND STRUT ASSEMBLY

Full details of the model and strut assembly are shown in Drawing
Fo. WI-70-104704 included in the detail design drawings at the end of this

report. A brief description is given below to indicate the main features

and dimensions.

A sketech of the model is shown in Figure 2,9 showing the majcr
dimension, and location and numbering of the thermocouples and heaters. The
model is made of 0.F.H.C. copper and ithe connecting strut adapter of stainless
steel welded to the model. The model is chrome-plaeted after assembly to
prevent oxidation of the copper. It is anticipated also that the model may
have to be re-plated during the course of the tests. It is particulerly
important that great care be taken during the plating process to shield the
oren end of the strut. The model was previously assembled and damaged during
the plating process by electrolyte seepuage in the absorbent ceramic potting
compound. This necessitated considerable re-work of the model to replace all
of the heaters damaged. The power leads to the heaters are insulated with
(fiverglass) No. 16 VARGLASS 1600 sleeving. The thermocouples are Chromel

Alumel with ungrounded ends, enclosed in .00 inch diameter Inconel sheathing
with magnesium oxide insulation. Figure 2.10 shows photographs of the model
taken during installation of the heaterc and routing of the power leads. After
all heaters are instelled, the internal channels containing heater leasds and

thermocouples are potted in ceramic and copper side plates are welded on. The

strut assembly parts are also shown in the photographs. It should be noted
that the photographs were taken of a 62 heater system. One heater location

(1ower central) was later machined out to allow more room for routing the

leads in the closely packed bend where the strut meets the model.

The fiberglass insulation for the power leads replaced the
original Refrasil sleeving which was difficult to install without damage due

to its poor mechanical properties. The fiberglass sleeving was tested t»
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Figure 2.10. Model During Heater Installation
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1800F and retained it: flexibility and soundness. Figure 2.11 illustrates
the proposed installetion of the model in the CIT High Speed Water Tunnel.
The drag forces on the model are transmitted to the force balance via a strut

assembly and balance adapter. The strut is protected from the water flow
velocity by a non-metric windshield as indicated. The power leads and thermo-
couples pass through two elbows at the lower end of the strut assembly to the
connections on the side of the balance adapter leading to the power supply
source and data readout system. The power leads at the {cold) strut exit are
20 gage copper wire with flexible Teflon insulation. The two lead bundles
between the strut assembly elbows and the adapter wall connections must be
protected by we:ccr-proof vinyl sleeving, since the balance adapter area

contains water.

2.3 WATER TUNNEL PREPARATION

The experiments were planned to be run at the Hydrodynamics
Iaboratory of the Californie Institute of Technology in Pasadena, California,
using the High Speed Water Tunnel. The Hydrodynamics Laboratory is under
the direction of Mr. T. M. Ward.

Figure 2.12 is a sketch of the entire tunnel with the 3D test
section in place. Water is pumped around the loop by & 475 kve electric
motor which drives & single-stage turbine pump submerged in the water resevoir.
This pump provides sufficient energy to attain a water speed of approximately
100 ft./sec. in the ilk-inch diemeter 3D test section. The water leaves the
resevoir (58-feet under-ground) and enters a stilling chamber. The exit of
this chamber has & honeycomb exit section for final flow straightening for
entrance into the nozzle. The entrance nozzle is designed to accelerate the

flow into the test section with minimum flow distortion and turbulence.

Water leaves the test section through an exit diffuser up to the

return line size. On return the water may pass through water chillers to

.17'.
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remove the heat added hy the pump. However, size of the system resevoir and
heat loss to ihe ground and surroundings is such that the chillers are not

required and are generally bypassed. The water then returns to the resevoir
where the hydrostatic head developed by having this tank 58-feet underground

enhances reabsorption of any air bubbles released in the test section.

In preparation for the film boiling experiments design and fabrica-
tion of some components associated with the tunnel installation was completed.
Figure 2,11 showed a schematic of the model installed in the test section,
with the CIT components indicated. These are
i) the horizontal hydrofoil surrounding the Conveir model
ii) the windshield (vertical hydrofoil) to shield the model strut from

the free stream flow.

iii) the balance adapter with the windshield support and retaining ring

to attach to the existing force balance

In addition, & further requirement for the film boiling experiments was

operation of the 3D test section in the reverse direction from the standard

installation. This necessitated,

iv) the fabrication of special connecting flanges for the 3D test
section.

The following paragraphs describe the status of these items in more detail,

The design drawings referenced are included at the end of this report.

2.3.1 Horizontal Hydrofoil

Design and fabrication of this item is completed per CIT drawing
N-3454-0DD "Skin Friction Model - Horizontal Fairing". A photograph is shown
in Figure 2.13. The fairing has been designed to provide adjustments of
epproximately 0.25 inch in the longitudinel and vertical directions., It was
originally proposed that the fairing be fixed to the working section. As the
program developed, and detailed consideration was given to the problem of

- 20 =




Figure 2.13. Horizontal Hydrofoil

Figure 2.14. Vertical Windshield
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aligning the model and fixed hydrofoil, it became apparent that a movable
non-metric hydrofoil would be required due to the complexity of mounting the
model and balance assembly.

2.3.2 Vertical Windshield

Fabrication of the windshield is complete. A photograph is shown
in Figure 2.14. The original design is shown in Convair Drawing WT 70-104705.
Changes as required by CIT are included in CIT Drawing "Details - Windshield,
Film Boiling", dated 1 June 1970. Not shown on the drawings is the addition
of a 1/8 inch stainless steel cap plate for thermal insulation to the
aluminum windshield body. This plate has been fabricated and installed.

2.3.3 Balance Adapter

Design of the adapter is shown in Drawing WT-70-104701,
Fabrication is completed except for the mounting of the two brass 7/8 inch
tube fittings. A photograph is shown in Figure 2.15. The drawing calls for
an O-ring groove to be located outside the bolt holes. This groove had to be
relocated to the inside of the bolt circle. It was then necessary to bore and
face each screw to provide sealing around the individual bolts. Also com-
pleted are the windshield support and retaining ring shown on Drawing é

WT-T0-10472,

2.3.4 Model Installation

Tre 3D working section was removed from the high speed tunnel
during another experimental program. This provided an opportunity to fit
check the equipment. A mock~up of the model as shown in the photograph of
Figure 2-16 was made and the equipment assembled for a dry-run fit check,

The model mock-up measured 1,500 x 24,00 x 4,730 inches. It was determined
that if the model span increased to 4,739 inches, the model will stick in the
window opening (through which it enters the tunnel assembly). A model of
4.740 inches will not fit the opening. Final machining of the model was thus

-2 -




Figure 2.15. Balance Adapter

Figure 2.16. Mock-up of Film Boiling Model
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Figure 2,17. Test Section

With Horizontal Hydrofoil
in Position

Figure 2,18, Fit-Check Sequence
With Assembly Mounted to

Balance and Prior to Vertical
Windshield Installation



Figure 2.19. Fit-Check Assembly, Side View

Figure 2.20. Fit~Check Assembly, Front View

-25 -




specified at 4.730 inches. The assembly procedure was successful and is
illustrated in Figures 2.17 through 2.20. Figure 2.17 shows the test section
with the horizontal hydrofoil installed. Figure 2.18 shows the assembly after
mounting on the balance installation and with the model in position. Figures

2.19 and 2.20 show a front and side view of the installetion with the vertical

windshield in position.

2.k MODEL INSTRUMENTATION

The heater power control sysiem was designed and built for opera-
tion on & 230 volt a.c., 3 phase, 60 Hz supply. The system consists of six
power control units of the Triac thyristor type witk a total power capability
of 0-150 Kw. These are designed to provide precise heater power control and
heater power monitoring. In addition to a fused input, each power control unit
has a resetable overcurrent protection circuit. A switch-selectable kilowatt
meter capable of monitoring the output of any of the six power control units
is included.

Six temperature meters are mounted in a panel assembly with & read-
out range 0-2000°F. These are intended for connection to one critical thermo-
couple from each of the six model chordwise zones, to guide manual control of
the power settings.

It was planned to use the Convair Portable Read-out System with an
IBM 026 Serial Punch Card Recorder, to record the test data during an experi-
ment. This would allow rapid automatic recording of temperatures over the
model during & test. The balance readings and other tunnel data could be
manually input to the recorder so that all data for a given run would be re-

corded on punched cards.

Figure 2.21 shows photographs of the instrumentation. Figure 2.21(a)

- 26 -
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a) Six Temperature Panel Readouts b) Six TriacPower Control Units
0 - 2000°F, Power Readout 0-30 Kw 0-25 Kw Each

Figure 2.21. Model Instrumentation

¢) Convair 30 Channel Automatic
Readout System
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shows the six temperature meters and the wattmeter, Figure 2.21(b) shows the
Triac power control unit and Figure 2.21(c) shows the Convair Portable Data
System.

Figure 2.22 shows a csble diagram for the major model instrumenta-
tion. Figures 2.23 through 2.26 are circuit diagrams for the power control
units and temperature monitoring system. Figure 2.23 shows the power control
unit Triac System and Figure 2.24 shows the overcurrent protection system
circuit. Figure 2.25 is a diagram of the direct reading temperature monitor
system, consisting of an operationel amplifier and the meter. Figure 2.26 is
a representative diagram of the overall temperature monitor system and re-

cording system.
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3. TWO-PHASE BOUNDARY LAYER ANALYSIS

3.1 Laminar Flow

A Blasius~-type solution for flow on a flat plate has been obtained
by Cess and Sparrow9 . This is a1 exact formulation of the laminar boundary
layer equetions, although some approximation was involved in the solution of
the equations. The equations were solved numerically and in more detail by
Ito and Nishikawse 10, but their results were close to those of Cess and

Sparrow over & fairly wide range of practical conditions.

The integral method of solution due to Pohlhausen is considered
here (see e.g. Reference 11), to obtain an approximate solution to the

problem., This is useful, of course, since approximate methods can be more

easily applied to a greater range of flow conditions than the exact solutions.

The analysis follows that of Reference 7, but the results are obtained for

general fluids and also the momentum integral equation for the liquid layer
is modified.

Assumptions:
(i) The flow is steady, two dimensional, and laminar in both vepor
and liquid boundary layers,

(ii) The pressure is everywhere constant,
(iii) The heated surface temperature (Tw) is constant,
(iv) The liquid-vapor interface temperature (Ti) is equal to the

saturated liquid temperature at ambient pressure,

(v) Thermodynamic and transport properties of the liquid and of the
vapor are constant,

(vi) These properties are evaluated at & reference temperature

*
def; by T = +

efined by v (Tw Ti) /2 for the vapor and
*

Ty = (T, + Tg) /2 for the liquid,

- 3 -
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(vii) Thermal radiation effects on the liquid and vapor layers are
neglected,

(viii) Buoyancy effects on the forced-convection boundary layers are
neglected,

The velocity and temperatures profiles are assumed linear in the
vapor layer and parabolic in the liquid layer, Figure 3.1 shows the
physical model of the flow and the notation used for veiolcities,

The velocity in the vepor layer is given by

Y (1)

u=u -
i
GV

The velocity in the liquid layer is given by

3
A N R A @)
uL 2 GL 2 GL
I = - 2
where Yi Y GV (2)

Continuity of velocity at the interface gives,

us uy + uy (4)

The momentum integral equation is applied to the liquid layer,
6L
= U =
I PLIO (u, - u) uay (5)

o

po(uL - wy) (3, +uy) ay,
[e]

]

which on expanding and integrating leads to

o2 [ zﬁ]
I-pLuLGL[280 +.8 u (6)
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thus,

d du 3 Y9
=g M= By 2w )
i dax Llidy 2 &
lyl=0 L
which gives
5.46 = 3/2 b ax (8)
L. L u
32_+;‘_‘l_] L
280 8uL

leading to the relation between 6L and x

.-

[%] T op 3x (9)
i [;z+; _“1_]
B 280 8 uL

2
[2]- 2 [s 008 2]
s

Continuity of shear at the interface giwes,

:
f:-f—-g-% (11)
L 2 L1
and the shear stress can be obtained as
p 2 . 1/2
u u u.
L s L 22 i
r. =7, =0,323 —7r — [1+ ——] (12)
Wi g Y2 u 13

ex
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From (9)

4, _ 70/13 ]1/ 2 (13)
dx 220
@+ a ) Re

which gives with (1i)

. w24 /2 r80/117 112 (14)
dx By, Yy, 13 ug Rex

Mass conservation in the vapor layer gives

i I (15)
&x "2 &
Single Phase Liquid Layer: for this case equation (10) and (12)
reduce to the Von Karman solutions
$.4.64 {10A)
X Re1/2
X
2
. .323 pL us : )
- 124
w Rellz
X
Heat Trensfer Relations:
Teking Reynolds analogy for the liquid end steam layers separately
gives
~2/3
q, ) T Pr
- B 16
L Uy, Cor (0T o “f (16)
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q e
pu c“("r =T) 2 (17)
i W i Prpu,
For the vapor layer growth,
dsv ul
VH 2 A S5
Energy balance )
q, =q *aq (19)
Putting
1
== C - A 20
B =3 C T, ~T/ (20)
and
_1
Bop, =3 prTi'Ts)“ (21)
equations (16) to (19) yield
2
430 Ty & B Pri7§ uy
ds,
substituting for 7 and FT from (12) and (14)
1.1961Pr py ‘L [“1]3+30L Pr [1 22 :l_i_]
B PLuL u uL ﬁo Pri73 up 13 u
22 Y
o F o —— ) =
a+*733 us) 0 (23)
Putting
Pr P
=K
1 (2k)
B, PLby
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and
Pop, »r _.
B 2/3 2
o PrL
uy
and =1
Ug
u
and noting i = 1--3- ete. from (4)
Y Ug

a solution cen be obtained for the velocity ratio 7, as

Aﬂ3+B‘n2+Cn-1=0

where

22 22
A= 1.1961K1“EK2-E

B= 31/13+9/13 Ko

C= Kz +4/13

(25)

(26)

(27)

(28)

(29)

(30)

Once equation (27) is solved for 7 = ui/us the other variables of

interest can be readily obtained, i.e. from (12) and (12A) the friction

coefficient ratio can be obtained as,

% =[1_3][1+z_z :i_]l’z
Ci, ug 13 ug

and a heat transfer paremeter can be obtained as

Nu 4 _ Ug 22 Y 1
1?—-.323 T-l 1+i§r
Re ** Hr, i 8

(31)

(32)




Solutions for the velocity ratio u-L/us from equation (27) are shown
for a wide range of the parameters in Figure 3.2. Figures 3.3 and 3.4 show
the corresponding solutions for equation (31) and (32).

It is readily seen thet for large values of the parameter

By PLby
Pr pu

the solution becomes insensitive to this perameter and then the solutions can
be represented by single curves as shown on Figure 3.5. These curves become

a good approximation to the solutions for say

B B
o LML 4 OL Pr
o— — 10 and ——— >0.05
Pron Bo Pr2:3
L

It should be noted that for this case the velocity ratio can be obtained

from equation (23) by neglecting the first term, as simply

1

+
1K2

(33)

g
u

For a typical case of say water &1 etmosphere with T_ = 70°F, and T, = 1000°F,

the magnitude of these parsmeters are

B o u Bo
2 ._IL_L=1_193 X 104;_1‘ Pr/ =0.178
TE P Bo Pr23

L

Care should be used, however, in obtaining ebsolute values of the friction
coefficient or heat transfer parameters from these approximate curves for

2/8,
very low values of (ﬁoL/ﬁo) ®r/P ry )

Some results are given below for the case of laminar flow in & water-steam

system.
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T, = 70°F p, = 1 Atn. u_ =10 ft/sec  X= 1 ft

T °F 1000 2000 3000
C,/C e 236 11 .08

a(BTU x BR™Y x Ft™2) | 38,376 | 41,857 | 45,528

A computed velocity profile is shown in Figure 3.6.

3.2 Turbulent Flow ¢

The assumptioné for the laminar case are retained here, except
that the liquid layer is turbulent. The case is considered when the vapor
layer is extremely thin compared to the liquid layer, so that it can be
considered as a laminar sublayer with a linear velocity profile as before.
The thickness of the vapor layer will be computed for a typical case with
water later.

The liquid layer is assumed to have a power-law profile. Refer-

ring to Figure 3.1 for notation

lli= [1_1]1/7 (314-)
'L L

and as before the velocities are related by

u5=ui+uL (35)

A further assumption is that the empirical Blasius friction formula can

be applied to the liquid layer in the following form

m 1/4
7, =0.0228 ui [—u_L'g‘ ] (36)
LY °L
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Applying the momentum integral equation to the liquid layer

2
I=pL£ u(ua-u)dy1

giving on using (34) and (35)

L7 s |t (37)
thus
d 1/4
v 1“1] 2 44, 2[ by, ]
—+2—= |p u’ —'=7=0.0228p u, |— (38)
[72 8u |PLL ax i L L pp Uy, bp
which gives on integrating,
' 1/5
X ~4/5
0.
0 ol ekl e 25 + constant (39)
L 7 .1 Yy Pru
—ta — L
28 up,

The assumption is made that the constant in (39) is zero, similar to the

approximation usually made for single-phase flow. This leads to the

following result

5L To.0285 x 12/7 1T P/ -1z

X - u u Rex ()-I-O)
2 Y 8
= -

; Ug
when up = ug and u = 0, the single phase result is obtained as

b _ 0.376 4o
- A
X Re1/5 (40n)
X
Also,
% _4[ 2.052/7 ]4/5[“L ]3/5 1 (51)
-——— + — T
dx 5[1+2/7ui/ug ug Re1/5
X
Continuity of shear stress at the interface gives
uj
WITHY, 2
v
so,
dév 1
_— = - (== k4
& FHg () (43)




T, cen be written from (36) and (40) as

2
o =0.02969Lus 1+331 1/5 _u_l_‘ 8/5
w i 1/5 7 u u (L)
Re B 8
x
and (43) oecomes
ds pu
pr . (5)
5X T
w

Heat Transfer Relations

Teking Reynolds analogy for the steam and liquid layers as before,

q Pr-z/3 T
puCI;,(T-T)'_' in (46)
L'L PL'i{ "8 PL u
and
q T
w w
— = (47)
pu, Cp (Ty Ti; Pr puiZ
For the vapor layer growth,
ag u,
4 PF 3 A (12)
Energy Balance
Ay =q, * (49)
(46), (48) and (L49) yield
C ds By T
p A4 L w
h=—"v — 0
1B U, 4 = Cp B 273 (50)
o o uL PrL

substituting (50) in (47) and using (43) and (44), the following cen
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be obtained
-2/5

.
Pr  pu (1+22/13 uug) [E]a[i]a[:s_]l/s
208, P1, By, 0.0296% Re:/ 2 d LY U

B u
Pr oL i _
B E T w 1=0 (51)
Pr o L
L
Putting a= “i/“L (52)
B_ o B
35" L7L
K, -Rex Pr op (53)
and .
Bo
Pr L
K, =2r =& (5)
4 Przl3 ﬂo
L
Also, let
E = (K3 X 20 X .02062]7} (55)
Then (51) can be written
EQ +<>1)3/5 (1+9/7 a)-2/5 oz3+K4 a-1=0 (56)

Equatién (56) in o is the basic equation to be solved. Once « is known, the
other results can be readily obtained.

One difficulty is that the equation in «o contains a term with Rex.
It was implicitly assumed throughout that ¢ = ui/uL was independent of X.
Bewc~ the solution is approximately correct only provided the dependence on X
is very wesk.

when equation (56) is solved for g the other major variables can

be obtained, e.g., ll-i/u-s can be obtained from (35).
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The friction coefficient ratio is obtsained from (U44) as

o w 1/5pu_8/5
.C_f =[1 2 ;i] [;E] (57)
fo “ s 8

and the heat transfer coefficient parameter can be obtained as

1/5 8/5ru
Rei/5 by 13 g s R

Equation (56) has been solved for a wide range of corditions to specify ui/u 5
s

Cf/Cf and the heat transfer parameter. The results are shown in Figure 3.7,

o
3.8 and 3.9. It is apparent that the results are insensitive to the parameter
3% ﬁo pL “L

x Prp —”— and hence Rex; for the cases being considered here a minimum

value of the parameter is about 100-107. Under these conditions the results

can be represented by single curves as shown in Figure 3.10, provided the

ﬁoL Pr

value of-%— ';;.273— is not extremely low.
L

Under these conditions the first term of equation (56) has negligible

influence and the solution for the velocity ratio becomes

u
i 1

a1 (59)

u, ¥,

and

u

i1

u_1+K4 (60)
8

which is the same result as for laminar flow. The same result is obtained in
both cases, since neglecting tne influence of the parameters in equation (24)
and (53) is equivalent to the assumption that the heat transferred to maintain

growth of the vapor layer is negligible compared to the heat transferred to
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the liquid. Reynolds analogy applies to the laminar and turbulent liquid
layers in the same form.

The case of flow in water was examined for the following conditions

ué = 50 ft/sec
X =10 ft
T = 1000°F
w
T, = T0°F
P = 1 Atm.

The results obtained were as follows

£°f = .051

q = 116,230 BIU x hrt x £t2

— = 6.098 x 1073
6_ = .0294 ft

For the pure liquid phase the boundary layer thickness was computed
as 0.11 feet. These results indicate that the assumption of an extremely thin
vapor layer compared to the liquid boundary layer thickness may be valid for
many practical conditions.

Consider the case of flow in water over a constant temperature
plate with an initial film boiling laminsr boundary layer and then transition
to fully turbulent flow occurring along the plate length. A description of the
flow is provided by the above analyses. The vapor film will serve as a thin
lubricating sheet which reduces friction drag and will also act as an insula-
tion layer between the hot wall and the water. Calculations indicate that the

steam layer is considerably thinner for fully developed turbulent flow then

for the laminar case. Thus the transition region should be characterized
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by a mixed-phase flow in the boundary layer until the excess vapor is absorbed
br the fluid. Such a "froth" flow was reported by Bradfield, et al7, at
trensition irom laminar flow. It might also be expected that the onset of
turbulent flow may be suppressed by film boiling and it was suggested by
Bradfield et 817 that transition may depend on a Reynolds number based on the
relative velocity of the liquid. The results of the amalyses here suggest
that the relative velocity of the liquid is the same for either laminar or
turbulent flow for the same stream condition and wall temperature. This may

support to some extent the assumed value of the constant in equation (39).

3.3 Application of Film Boiling to Drag Reduction

A possible application is considered to be an underwater vehicle
propelled by a solid rocket. This is considered because it offers a con-
venient means of supplying heat to the external wall of the vehicle besides
providing propulsive power. Rockets are generally competitive with gas
generator systems only for a restricted range of high speed mission512 due to
the low propulsive efficiency of rocket propulsion at low running speeds
relative to the exhaust jet velocity.

The foregoing analyses have indicated that considereble skin
friction drag reduction can be achieved in both the laminar and turbulent
flow regimes. However heat energy is required to be expended to achieve this
drag reduction. It is of interest therefore to compare the efficiency of this
concept with the propulsive efficiency of the cold-wall rocket propelled
system.

Defining a coefficient of performence as

C.0.P = Drag energy overcome
o Heat energy expended

(61)
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Then, 0
1/2 pLuB (Cf° = Cp)
h (Ty - Ty

C.0.P. =

From the preceding equations, it can be shown that for laminar flow,

323 [ 1-C/Cs ]

2 ,
C.0.P. = u (€
Cp Ty-Tp7y  ° )

where 7] is the heat transfer parameter
Nu gy
nNTaE LT (63)
1 Re:lc2 hy,

and for turbulent flow,

0.0296 [ 1 - C/C; ]

2
C.0.P. = 6l
Cp (Ty, = Tp) 7, s (64)

vwhere 72 is the heat transfer parameter
Nu "
% "4 4. (65)
Re: )

Values of C.0.P. were examined for the case of water at 1 atm. Figure 3.1l
shows the results for turbulent flow which is of interest here. Also shown
on Figure 3.11 is the propulsive efficiency for a solid propellant system

without film boiling, with an assumed rocket Isp = 215 sec. The propulsive

efficiency can be obtained from

2 ue/us

n =
P (ue/us)2 +1
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or in terms of I _ as
8p

21 _/u
8
n S (66)
P elgp/a )’ +1
sp/Yg
Examination of Figure 3.1l reveals that under the conditions considered an
advantage is indicated with film boiling at a velocity of 50 to 100 knots
depending on the surface temperature. The indicated efficiency of film

boiling drag reduction increases rapidly aebove these velocities.

3.4 Discussion of Analytical Results

It should be noted that the results of the turbulent flow analysis
mst be regarded as approximate onily. This analysis was undertsken as a guide
to the experimental investigations necessary to establish turbulent forced-
convection film boiling data. The fundamental assumptions here were

i) a very thin, laminar, vapor layer exists at the wall, which can
be assumed to have approximately linear velocity and temperature
profiles

ii)  the 1liquid layer can be assumed to have a power profile law and

the empirical Blasius friction formula can be applied to the liquid

layer in the form of equation (36).

The assumptions should be checked and modified where necessary from the results
of an experimental program. Observations are required too, on the transition
"froth" flow, in particular to observe if a stable two-phase layer re-occurs

after fully turbulent flow is esteblished in the liquid layer.
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