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~In order to study the process by which lam inar flow is re—established after a heated
submerged vehic le encounters a patch of turbulent flow , an ana l ytical model has been
formulated whic h simulates the heat transfer character istics of the external skin
and iuterna l heat ing oassage of such a vehicle. Thi s model cons iders the energy
equations for the extcrnal sh in and for the internal heatinc passaqe and the coup-
ling between th~~ due to heat transfer to the external fTh~ . Uume rica l solutions
to tni s coupl ed set of equations for a number c~ turbulent patch scenarios ‘ave been
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20. ABSTRACT (continued)
N

- 

~example that quantitatively simulates the characteristics of a typical tow-tank
test vehicle.
The maintenance ‘of steady lami nar flow on a heated submerged vehicle requires that
the external surface temperature at every location along the vehicle be equal to or
greater than that required to delay transition. The ability of the vehicle to re-
cover laminar fl ow is sensitive to the amount by which the wall temperature exceeds
the minimum required for laminar fl ow . If there were no temperature excess , the

- recovery time would be infinite. When there is excess temperature , the recovery
time depends on the extent to which the turbulent event has l owered the skin temper-
ature , and is characterized by a time constant that is directly proportional to the
heat capacity per unit are of the skin and the heating fluid together and inversely
proportional to the laminar heat loss rate to the external flow.

For the calculated cases, if an encountered patch of turbulence extends the order
of three or more vehicle lengths , the recovery time for reasona ble temperature

P excesses is of the order of one to three characteristic times (1/2 to 2 minutes for
the cases calculated). For momentary losses of l aminar flow , recovery occurs very
soon after the turbulence is swept past the trailing edge.
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ABSTRACT

n order to study the process by which laminar flow is re-established

a ” ter a heated submerged vehicle encounters a patch of turbulent flow

an anal ytical model has been formulated which simulat es the heat trans-

fer characteristics of the external skin and internal heating passage

of such a vehicle. This model considers the energy equations for the

external skin and for the internal heating passage and the coupling

tetween them due to hea t transfer to the external fl ow . Numerical

sol ut ions to thi s cou pled set of equa ti ons for a num ber of tu rbulent
uatch scenarios nave been obtained by an explicit finite-difference

u rocedure for a two-dimensional flat -plat e example that quantitatively

s i ’ :~u1ates tne characteristics of a typical tow-tank test vehicle.

Th~ m aintenance of steady laminar flow on a heated submerged vehicle

re quires t h a t  the external surface temperature at every location aionq
t r ,e ve hi c l e  ~e equal to or grea ter th an tha t req uire d to delay transi-

• tion. The a b i l i t y  of the vehicl e to recover laminar flow is sensitive

cc tne a; ount by which the wall temperature exceeds the minimum required

for là: m a r  slow. If there were no temperature excess , the recovery
tim e wou ld  be i n fi n i te . When there i s excess t empera ture , the recover y
tim e dep endc on the extent to which the turbu lep t event has l owered the
sh in te:’.oei-a ture , and is characterized by a time constant that is di-
rectly pro nc1 rtiona l to the heat capacity per unit area of the skin and

the heating fluid together and inver sely proportional to the laminar

hea t loss rate to the external flow .

For the calcula ted cases , if an encoun tered patch of turbulence extends

the order of three or more vehicle lengths , the recovery time for rea-
sonable temperature excesses is of the order of one to three character-

is tic times (1/2 to 2 minutes for the cases calculated). For momentary

losses of laminar flow , recovery occurs very soon after the turbulence
is swept past the trailing edge .
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1 . INTRODUCT I ON

In recent years , there has been a resurgence of interest in attempting

to improve a veh i cle ’ s performance by increasing the length of laminar

flow in its external boundary layer. By delaying the onset of turbu-

lence (known as Laminar Flow Contro l or LFC), the total dra g of the ve-

hi cle may be re duced which , in turn , would allow either the use of a

smaller propulsion system for a given mission or for an extended range

or top speed for a given propulsion system . A number of techniq i~s

for inc reasing the extent of laminar fl ow have been identified such as

veh icle shaping (wherein a favorable pressure gradient along the vehicle

del ays t he tendenc y for the lam i nar boundary la yer to un der go tran s i-
tion to turbulence) and suction of the boundary layer fluid through

the vehicle skin. For su bmersible vehi cles (as opposed to airships )

the technique of heating the vehicle surface also has been found to

delay transition because of the temperature -viscosity behavior of wa ter .

This latter technique has the added attraction that waste heat from

the veh i cle ’ s p ro pu l s i on system m i ght be made ava i la b le to heat the
ve hi cle surface ra the r than s i mply being exhaus ted over board ; thus an
i ncrease d la m i n a r  f l ow 1 cng th mi ght  be obta i n a b l e  a t l i t t l e  or no adde d
expenditure of power (Reference 1). Experimental research is in pro-

gress to deter rine how much of the theoretical performance increase !~~

actually achievable. Syste:~s studies are also being conducted to deter-

m ine if sufficient waste heat is available and , if not , how it might be

su pplemented without seriously affecting vehicle design goals.

One aspect of the Laminar Flow Control area that has not , as yet , re-
ceived muc h attention has to do with the recovery of laminar fl ow once

i t has been p artially or totally lost . For example , any submerged ye-

hi d e will occasionally encounter isola ted regions of turbulence (the

oceanogra phic equivalent of clear air turbulence) or the laminar

boundary layer flow may be disru pted by the adherence of a particle

to the vehicle surface - thus acting as a temporary boundary la yer
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“trip ” . There is even the possibility that such a particle may simpl y

d isrupt the boundary l ayer fl ow and create a turbulent ‘ spot which is

swe pt along in the boun dary la yer across the vehicle ’ s surface. The

loss of laminar flow is es pec i all y crucial fo r a hea ted vehicle since
tur bu l e n t hea t tr ans fe r  rates are so much greater than la m i n a r  ra tes
th a t the vehicle can , in effect , lose i ts overheat. Depending on the

vehicle ’s hea ting system and overall heat capacity , a consi dera b l e
amoun t of ti me may be requ i red befor e  i t can heat u p aga i n and re-
establish laminar flow. The modeling and calcul ation ot such an occur-

• rence is the subject of the present report.

Because this is the first tine (to t~e aut ’~~rt 
I knowledce) that t he

laminar flow recovery probie r has beer ana ljt 4 calij addressed (see

Reference 2 for a qualitative descr iption of the ia~ ina r flow recovery),

the modeling employed in the present report is quite s in p l i~ ied in

order to accentuate the basic featu -es associàt~~ with the thermal

recovery by a vehicle afte’ a loss of lam inar flow. T hus , instead of

a shaped bod y, we have computed the recovery process on a flat -plate

so as to avoid the  comp lications introduced by p’-ess~re gradients , es-
r e ci all y the influence ~f oressure gradients on estimating where bound-

ary layer transition wOul d occur durin c the recovery stage. The flat—

plate configurati on also al lo~is fa i r l y accura te  es t i mates  of even tb~
local transient heat transfer rateu durin g the recovery process for

either laminar or turbulent flows .

Another simplification which has been employed herein is the assump-

tion that the vehicle is heated by an int ernal fluid flow system in

which heated water (possibly from the veh icle ’ s propulsion plant) is

pumped up to the bow of the vehicle and then toward the aft and in

con tact with the outer surface. This heating confi guration is en-

visioned as a likely candidate from an engineering standpoint although

other heating schemes may be as feasible (viz , electrical). ~gain , to
avoid unnecessary com plications , the heating fluid passage is assumed
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to be of uniform height here desp i te the fact that present-day exper-

imen ta l veh i cles ha ve a var yi n g c h annel hei ght in order to “ta i l o r ”

t he local heat flux along the vehicle surface to match some other re-

qui rements.

A third simplification which has been introduced into the present an-

alv tica l model is the assumption that the vehicle speed remains con-

stant throughout the period of laminar flow recovery . Thus , the pre-
sen t results are applicable to the situation where a vehicle is towed

through the water at a constant speed . The dra g increase wh i ch accom-
panies the loss of lam inar flow and which would cause a speed decrease

in an oper ational situation could be incorporated at some later time .

Suc h a considera tion obv iously would involve a knowled ge of the .ehic le ’ s
propulsion system characteristics as well as fairly accurate estimate s

of the parasitic drag increments dun inc and subsequent to the loss of

lam inar fl ow. The slowing down of the vehicle caused by a loss of l am-

inar fl ow would nave the effect of shortening the laminar flow recovery

time since the natural houndary —l aier transi tion location and the heat

flux from the vehicle both change with vehicle speed . Thus , the present

estimates for laminar flow recovery are probably conservative.

:n order to maintain some semblance with presen.t-da~ heated vehicle

des i gns , a comn osite material outer wall for the vehicle has been re-

tained in the oresent analytic al model . A uniform metallic vehicle skin

would have been simpler to model but , aside from the proble m s of physi-

cally maintaining the integrity of such a skin (i.e., problem s associated

with corrosion , p itting, wetting, etc.), a com posite ma terial s u rface
(such as a cera mic coating on a copper substrate) has the advantage of

having a high heat capacity combined with an insulating effect to

amel iorate the chil li n e which accompanies a sudden burst of turbulen t

fl ow.



Even wi th the above simp lifications one should appreciate the fact

that the transient heat transfer problem between the heating fluid

an d the vehicle skin and be .:ieen the vehicle skin and the outer flow

are stro ne ly cou ple d to one another . The derivat i on of the pa rti al
— differential equations which describe this coupling is g i ven i n  Sec tion

2 of this report along with the various approximations which rake the

solu ti on of the se equations trac ta b le . In Sec ti on 3, these eq ua tions
are expressed in finite difference form so that the wall and heating

fluid temperatures can be computed during the recovery period using

nu merical techniques .

Resu lts fru:: the num erical cal culations are presented jr Section ~ for

se.’eral differ ent scenari os whereby laminar flow may be lost. These

scenar ios  i n c l u de : the encounter wi th a turbulent “ patch ” embedded in
the ambient f luid; the “sticking ” of a p a r t i c l e  ori g i n a l l y sus pende d

in the  free strea m~ to the vehicle surface for a short period of time

(thus “ tripping ” the boundary la yer)~ and the entry of a particle into

$ the boundary layer and causin g a localized turbulent “burst” wh i ch is
then advected along the vehicle surface. The vehicle parameters select-

ed i n  order to co~ple te ’ the numerical calculations (i.e., free—strea m

speed , body length , skin thickness and composition , and heating water

• flow rate and initial overheat) were based on ~he characteristics of

a cl ass of present -nay tow-tank models. Since no particular vehicle

is exact ly :ndeled and because of the sir ep l ifications inh erent ~‘it h the

present modelin o , a one-to-one comparison between the measured gross

operating conditions and those computed from the present model (sur °
as t he  total heat transferred or the transition point locati on) wouli

probably not be meaning ful. The laminar flow recovery times should ,
however , be in the same neighborhood as might have been observed.
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A discussion of the numerical results (for relatively short

times into the recovery process) is also contained in Section 4. This
is followed by an a pp roxima te , lon g-time anal yt i ca l  so lu t i on for t he
laminar f low recovery . Thi s latter solut i on , when com b ined w i th the
nume rical results allow s an estimation of the eventual recovery time .

Finall y, conclus ions and recommendations for future study are presented
in Section 5 based on the findings contained herein.

4

I

I
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2. FORMULATION OF COUPLED HEAT TRANSFER PROBLEM

As i ndica ted earl er , the heated vehicle is modeled as a flat plate
conf ig ur ati on as shown in the foll ow i ng ske tch:

U

T

— 
— — — — Boun dary Layer

• — — x — ~~~~
- 

~q0(x ,t)
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ // ,‘///// / ‘/7 ////// //////////// ///J///~j Ve hi c 1 e S k i n

~q~ (x ,t)
u T

~
(x ,t) a Inner Passa ge

7 _ _ _ _ _ _ _-

~ 

___--C /~~~~~ L_ ” ‘ ,~~ ,‘ / ,‘ ,‘ / // i Inner Shell
I

~~~~
— Heating Fluid

The veh i cle i s assume d to travel a t s pee d UQ. 
i n wa ter whose tem pe r a t u r e

is T,~. Heat ing fluid (also assumed to be water ) is introduced into

the inner passage at the leading edge at temperature T1 0. The inner .

• shell is assumed to be an insulator. Heat is transferred from the

f lu id in the inner passage to the vehic le  skin ’at a rate q~ (x ,t) and
i s remove d from t he veh i cle skin by the ex ternal flo w a t a ra te
q0(x.t). The configuration is , in  ef fec t , a co- flow heat exchanger.

The vehicle skin locally undergoes transient heating or cooling ac-

cording to whether is greater than or less than q0. The detailed

formula ti on of the anal ys i s thus in volves the cou p le d cons id erat i on
of th e i n n e r  f l ow passage , the vehicle skin and the external flow.
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2.1 Inner Passage

The inner passage is assumed to be of constant cross-sectional height
L 

so that the mass flow per unit area is also constant. The flow i n the

inner passage is assumed to be a fully-developed turbulent fl ow of a

constant property fluid. All extensive quantities associated with the

heating water are per unit span .

Continuity considerations dictate that the mass flow per unit span ,

m= pua , is constant. However , since the passage height , a , and fluid

density , p , are each consta nt , the fl ow speed , u , is also constant.

The momen tum equation simply allows calculation of the pressure drop
0 in the inner passage and is not of direct concern to the coupled heat

transfer problem .

The equat i on for the flu id temperature in the i nne r passage , Tj (x ,t),

is

~T1 (x ,t) ~
T
~
(x,t)

oac~ ÷ r,uac. = - q 1 (x,t)

p
where c 1 is the specific heat of the heating water and q 1 i s the heat
flux from the heating fluid to the vehicle outer surface. Using the

traditional approximation for the heat flux , this equation is written

as:

~T. ~T. h . r 1
+ u = - ~~~~ 1T 1 (x :t ) - T

~~(x,t)I (2.1)
pac. L 1 J

0 where Tw .(x,t) is the temperature of the inner surface of the vehicle

sk i n and h 1 is the turbulent heat transfer coefficient for the flow in

the inner passage. The heat transfer coefficient h
~ 

can be obta ined

using Reynolds ’ analogy (see Re ference 3):
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h1 Puc~ ~ Pr ’s 
, (2.2)

where the friction factor f is a function of the Reynolds number based

on the hydraulic diameter of the i nner passage and is evaluated from

in formation on flow in circular pipes and Pr is the Prandtl number of

the heating fluid.

• Vehicle Sk in

The relevant equa ti on for th e veh i cle sk i n temperature , T
~

(x ,t), is the
trans i en t ene rgy equa t ion

I
8T (x ,t)

Mc W 
= q.(x,t) - q (x ,t) (2.3)

1

In this equation , Mc
~ 

is the heat capacity of the vehicle skin per unit

area , T i s th a t s k i n tem pe ra tu re w h i c h  bes t re presents th e hea t con-

tent of the skin and is described in more detail below , and q0 i s the
heat flux to the outer flow from the wall. Because the vehicle skin

thic kness is small com pare d to len g th scales in the st reamwise direc-
tior , we have igno red hea t con duct ion along the vehicle i n com par i son
to conduction through the skin.

Consi der the skin to be a composite of a metal with a thin outer ceramic

• cladding, as shown in the sketch below . The rationale for selecting a com-
posite skin is described in the Intr oduction . The overall thicknes s is c .

c ___________ 

____________________________________ceramic —f---

•

The heat capacit y per unit area is then
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Mc
~ 

= (PC
~
)metal ~ 

(Pc
~
)ceramic (2.4)

where here p is the density of the material under consideration and c is

its specific heat. For such a composite , the thermal resistance , k , is
the sum of the thermal resistances of each of the two layers .

The effective therma l conduct i v i ty of the composit e i s

k ff = ____________________ = (2 .5 )
(.

~
.) + 

(
~~) ~J total

meta l ceramic

If the base metal is , say, copp er then the metal will domina te the heat
capacit y of th e compos it e , while the ceramic coa ting woul d provide most
of the resistance to heat transfer.

$

For computat i onal pur poses , it is easier to work with a skin of thick-

ness ~. having a constant keff as given by equation (2.5). In such an

equivalent skin , the effective metal -ceramic interface is located ac-
P

cording to their respective therma l resistances as shown in the sketch

below :

_____________________ ~woy= ;~

Ceram i c

( 

. ~~ ceramic

) 

T(y)~~~~~~~~~~~~~~~~~

~~~~~~~~~ T,,/- ” 
. 

Metal /,V’ . —— — — .— __
~. /

7
L.i~ :~

(f .) ,

me ta l

~~
)total
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In a steady-state condition (q1 
= q0) the temperature decreases linearly

in the stretched coordinate system as indicated in the sketch. For
heat capacity purposes , the temperature T should be evaluated at or
near the center of the metal l ayer , y=~~ , where

= 
1 (k)metai 

(2.6)

k tota l
P

In a transien t situation (q~ ~ q0), the temperature gradient is not con-

s tan t even i n a mate ri al of constant keff~ As a first approximation ,

the temperature distribution through the skin will be assumed to be

• quadratic in the y-stretched coordinate system as indicat ed in the
orevious sketch.

The transient heat transfer rates into and out of the vehicle skin can

• be computed from Fourier ’s law of heat conduction as:

q~ (x~t) = - keff (~i) (2.7)

y= 0

q0(x,t) 
= - k ff (

~~) (2.8)

where T(x ,y,t ) i s the local , instantaneous temperature distribution in

the equivalent skin with constan t effective therma l conductivity .

2 .2 Outer Flow
I

The heat removal rate q0(x ,t) can also be written as

q0(x ,t) = h
0 [T~~

(x ,t) - T~] 
(2.9)
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where h0 is assumed to be the local flat-plate heat transfer coeffi-

cient. For a laminar boundary layer (see Reference 2)

(h0) 
= 0.332 kPr ’~ 0.332 k Pr~ F L

~ (e) (2.10)

while for a turbulent boundary layer (Reference 3)

0.8 -0. 2 0.8 -0.2
(h ) = 0.0296 Pr ’s (-

~
— ) x = 0.0296 k E!i ~ (

~
)0 

turb L

(2.11)

• The boundary layer flow will be taken as laminar upstream of the tran-

sition point and turbulent downstream of the transiti on point. Except

where turbulent flow is imposed (say by encountering a turbulent patch

in the freestream) the tran sition Reynolds number for the f la t -p la te
boundary la ’.’er ~ill he assumed ~o be a function of (T~~ - T) onl y and

the ca l c u la t i o n s  by W azzan ~c ~~~~~ • (Reference 4) which are based on the
e9 boundary-layer transition criterion will be used to approximate that

funct ional dependence.
P

P

P
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~~. NUMERICAL METHOD FOR SOLVING THE COUPLED EQUATIONS

As developed in Section 2, the transient coupled equations for the

heating f luid and vehic le skin are :

)T. ~T. q.(x ,t)
+ u = - 

1 (3.1)
pac 1

q .(x ,t)  - q (x ,t)
C (3.2)

.:here the neat fluxe s are

q
~ 

= h
~ [T~ 

- T
1] (3.3)

= h~ [T 0 - T~] (3.4)

an d the 5 a5si sior locaT ori Let~ieen lam inar and turbulent flow states

is deterr i C d  from the apnr cx ination shown in Figure 3.) (pace 17).

I
Tric te .:penamr e distributi on across the vehicle skin is assumed ouad ’atic

at ar  i n s i r t and ~or a l l  axial locatio rs x so that

• T(x,y,t) a0(x 
,t) + a 1(x ,t) y 

+ a2 (x ,t) y 5 (3.5)

w i t h  ~ou!~~a ,  .: 1 r l d i t io ns

T ( x . C . t )  = T
~
,
~~

(x
~
t)

(3.6)

T(x,~., t) = T~,10(x ,t)

The coefficients a0, a 1 an d a2 can be obtained as follows , since

T (x.~~ ,t) E T

P
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P 0 Wi

2
~~T - ( -  - 1 ) T

a 1 = — -
~~~~ 

- — — - — — - — -

~~
-
~
--—-—-

~~ (3.7)
- (t—1)p

T - :.T ~T .(:~ 1)- ~ ~:o wi
2
( 1 )

Tr~ e~press~o: s for e oat ux int o and out of the skin are tnerefore

~~~~~~ ~~ f ~~~~~~~~~~~~~~~~ 
(3.8)I : 

~

0 . = - ~ 
2 ) T ~ 1~~~(~ - 1 ) 2 T . ~~ T

0 C- 
~~~~ , = 

~

- -

n~ ~ ~~~~
. ‘ 

~~~~~~ ran  . ‘ ,.‘ r i t ter i  as

• 
= ~1 T, 5 2T~ ~T 

. 
(3.10)

= ) . . ‘r 
- 

~~~ ~T (3.11)

- ‘ e~ . - 
‘ r ’~~ ~ -2)

1 - 
(:-1) (:- 1)

1~~1f ( ;~~) 
: ~ = ~~*t ~~- 1)

- ~ r ’f 1 - ~eff IS i — _.__ ____

‘~~C 
2 ~ 

~ — ~ an 2 3 0.



-14-

Let L~T = T - T ,~~ T. = T . - T ,~~J = T  - T a n d LT . = T . - TW w i i WO WO Wi Wi
Then, by equatin g equat ions (3.10)  and (3 . 11)  with enuations (3 .3 )  and
( 3 . n ) ,  we na ve

~i 
tT~~ + (~ 2~ h .) :~T 1 

= h~ .T
~ 

- 83 LT (3.12)

(m -h ) LT - LT . = - . ,tT . (3.13)1 o wo 2 wi 3 v

Toe so~usion of equations (3 12) and (3.13) for ~~ an d Tv10 15
0

- (r~~~ - )h~~~ . ÷ 
[~3~ : 3 ( i o )]~

Tw

- - ‘ 1 ) (
~ ~h. )-

~ o 2 1
I

e g
1 

‘T. + n
2 

‘T , (3.1~ )

= 
gi i.t:J±3~~:~ 2 : h~~)J~~T~ I

o g .T. ÷ g ,tT (3 15)
3 1 4 ~

• 
m e re 

g. (~~ 
- h0 ) h

1
/E (3.16)

g2 
a 
[~

3:1 
- :3( 

.
~ 

- h0)] / E (3.17)

a 3 - ri
2 h.1~ (3 .18)

~~~~ 3~°2 
h i )] / E (3.19)



-15-

and

E - h0)(~2÷ h~) - 0281 . (3.20)

The cou pled partial differential equations (1) and (2) for the depen-

dent quantities T
~ 

an d T
~1 

can be then rewritten as

i tT . ~(tT.) h .
1 

+ i = - 
1 [

~
-
~~ 

.tT . - 

~2 !T ] (3.21)
Pt P (x/L) ac 1 

1 W

3 T  [h. 1-C ) - ‘ . o~] :~ . [h. c~ ± Fi ° 1~~~
T

= - -~~~
- -

~
--

~~---~ (3.22)
Mc Mc

V. w
I

~,here L is the overall length of the vehicle.

• The heat transfer coefficients h0 an d h~ are taken as

-3 .5
c (f- ) for lam i na r flow

• ~ — 1)-

c~ (fl
° 4  

for turbulent flow

• and

i . = ruc~ (
~~) Pr~~ ful ly turbulent channel f low

(3. 24)

where the friction factor f is a function of the Reynolds number based

on the hydraulic diameter of the inner passage and is evaluated from in-

forma ti on on flow i n circula r p i pes

pp
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The transition Reynolds number versus the requirec (constant) wall tem-
perature over heat for a flat plate can be plotted as shown in Figure 3.1 .
For computational purposes , this curve is fit approximately by the fifth -

degree pol ynomial

(tT)
~ 

c0~~c1 (
~~tr) + c

2 
(
~4~ 

...c 5 rtri (3.25)

UX tr,.nere r<e , - 
- — CCC

c = - a .31002
• 0

c1 
= 1.29390

c2 
= - 2.78416 x

0 3 
= 3.7 2~ 9 x 1O~~

$ c~ = - 2,32394 x

c5 
= 6.91335 x 1O~~

• Py comp Qring the wall overheat temperature tT~10 deror ined f rom equation
(3. 15) (using solutions for ..T~ an d ‘T

VI ). and the transit icr i criteri on of
equation (3.25), one can determine the regimes of lam inar or turbulent flow .

~ote that t n i  s procedure ignores the influence of the upstr eam wo ll temper-
P ature varia t ions since compari sons are made locally with a transition cri-

terion hosed or an assumed uniform and steady wall temperat ure. To in-

corporate the spatial and te :’ip ’ral changes of the upstream wall tempera-

ture into a transition criterion would be so complicated and time consurr-

• m g  that it would over whelm all other considerations . n effect. a
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30~~

,~ Lami nar Flo w
(

25 -.

Turbul ent r lo I~ -~~

$ 20—

•

7 c = — 0 , 310P�4’ 
C

o = -
Lb — 

202 
= - 2.7wh:E :3

• 
- . 

= + 3.70209 ~ 1n~~
—~~c. = - 2.5233C IC -

4

c: = E 91835 >

- 
tn 

= c0 ~~, (
~~) 02 . . .  

~~ (~
°tr)~

P C 
- —  — -- - — - . — 

‘- ‘
~~

- - - - - -  - - ---—— - — -———--4 -—- --- - - -‘I’ - -  C -  C -  - C ’ -J 4 ‘~~ I - - I~IS~

rar e i5i ~ ’ :~~, 
~~~~~~ . --

~ er (
~~~~~ ) 10

Cj cure 3.  1. ..~~ I 1 c- - -er a 19: - C ’~~ C~ ~ . 0 ’  - ra ns i  ‘ ~ . r c  1 ds ‘ u:b era
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complete boundary-layer stabilit y calculation would be required at

each time step during the recovery period . It was the authors ’ be-
lief that the above simple criterion wou ld prov id~ ~easonably accur-
ate estimates of the transition point throughout the recovery period

(at least to w ithin the order of accuracy of other assumptions made).

3.1 S~~~ Ljlow Co nditions

~,‘ r:hn a stecu-state condition is achieved , equations (3.21) and (3.22)

may be comti ned into a 51fl~~iE ordina ry differential equation whose

01cr ed-Con:- sd ‘ut ion car be deri ve d cnce the heat tran sfer coeffi d arts

and h0 are specified. For comsu tationa l reasons , however , it was
more expeditious to formulate the separate equations in f in i te-d i f f erence
format and solve the epu ati ans num erically. This allowed initial con-

dit ions for the transient solutions to be calculated directly (and w i th
s iwhl~~r al gor i t hms) ra:ncr th an h~vi nc to be computed from the (co ispl I —

cated) closed -form sniution. It ~hou1d be added that the numerical and

anal ytical sol u ti ons agreed , : iO L: one another quite closely. The steady-

form a- Ij~~t jo r , C :~~~~ , 2 and (3. 22) are:

- 
•i _ 

~~ [~~-g 1 )i~~
. - q 2~T ] (3.26)

P(x/L) eac 1 
U 1

“I
~~ (1-g~

j - h g~
= ~~~~~~~~~~~~~~~ CI . .  ( 3 .27 )

‘ h~g7 + hwh. 
1

Equations (3.26) and (3.27), when written in finite difference form ,

become

c L  F
(‘T.) = (. T .) -C (x/L) ~~~~~ [(1-0 1 )(4T1 ) - 0 2  (CT~) j ( 3 . 2 ~~)

3 -- i 3 ac .u 3 3

0 .  (1- c~ ) - h g,1 O~~ (L.T~) (3.29)
j ~c 2 + h~q, j
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The initial conditi or! for LT1 is p r e s c r i b e d  and the initial condition

for IT is commuted from the two companion re lat ionsw

h. CT.
.1 = — 

i i  
(3.30)

~
1
~~~=0 

~~~ 
h ) +

= 0 (3.31)
~j x 0

in conjunction .ith equations (3.14) and (3.15).

P 
3.2 Transie nt Conditions

3cr t r a n s i e n t  cond i t i~ r~ the finite dif~crenc e equations ~or the

heating flu id tempe ra tore and mean wall temperature are

(.T i )~ - 
~~~ ~

.-_
~_ [~- T

1 )~~ 1 
-

:~ 
[(1-~ i )(LT1 )~ 

.Q
2(LT )~]1 (3.32)

- ,~~~ n -~~~ 

1 g 1 ) 0 
~~~~ )

n 
- 

~~~~~~~~~~~~~~ (‘T )~~~~~~ 
- 

~~~~ -- - 
.~~~ Mc ~~

‘

tr a superscri p t denotes a value at the nth t ime  ste: in the cal-

cu lati on and t is toe time i r ter c al

The initial conditi on s for these LoCati ons are ide n tical to th ore menti oned
in Section 3.1 at x = 0 and for x :0 they are taken as the steady-stat e-

solut i on desc rib ed i n t e c t i o n  3 . 1  (usual ly  the laminar f low so lu t ion ex-
cept for the case of in encounter w i t h  an i n f i n it e ly  lone t uroul int  patch
i n w h i c r i  c a se the f u l ly- tu rt cule ri t , steady state temperature distri bution
wa s  used).
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3.3 Commu ter Rrcc rar :

8 computer proaram based or an exp l i c i t  f in i te-di f ference method was
wr i t ten to solv e th e coupl ed d i f ference equation s. The p roce dure used
for each cal culation is described whlow’:

1. Input the data in cluding initial flow state (laminar or
turbulent).

2. Calculate crc strum ’ state ter perature distrib utions from

ecua tion s (3.23) ~r,d (3.29).

3. Ca lcu la te  the t ransient  temperatu res by using the f ini te
differenced e~uation s (3.32) and (3.33).

4. Use t~:e transitio n criterion (equation (3.25)) to determ i ne

Ye loca l Floe  condition (i.e., e ith er lam i nar or turbulen t

ex ternal  C1 C c )  . -

I

S

p
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4. EXAMPLES I d D  DISCUSSION

in this stud y, four types of transient response scenarios are treated.
They are :

1. Recovery from a long turbulent patch. In this case , the
.‘ehic le is assumed to have been exposed to fully turbulen t
flow for a lo ng enou gh perio d to reach tur bu len t stea dy-
state conditions.

I

t~ 0 steady turbulent e t t e r r a l  f low

t>  U trans i ent re co- iery tc~.1 rd lami nar external  f low

I

2. Response to and recovery from an encounter with a finite

le r qti c turbulent p a t c h  emb edded in th~ frer-st ream .

Y 0 stoad~ la r ir - ar flow

~
T t c t 0 fuPly turhul ent external flow f o r a t ime per iod

of Tt (sec)

• t - U trun sient recovery towa rd .lamh nar e~ tornal floe

3 . Response to ar id recovery from a temporary boundary layer

• tr ip- at a fixed surface location

t 0  steady laminar flow

- t < 0 turbulent flow conditions for a time period cf

and ( Tt (s r j c )  downstream of 
~ 

(ft)

X > X
t

t? 0 tr ansient recovery toward l aminar external flow
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4. Recovery from a turbulent spot generated at location
w i s r - in the laminar boundary layer . This spot is

tb-un swept by the flow along the flat -plate surface

— 
acco rding to the sketch shown below .

I

- trailing edge of turbulent patch
(x t + 0 . S IJ t )

~~~/ turbulent ~~
‘leading edge of turbulent

• ,/ flo~. 
- 

~~~
_-

~~ patch
tam 1ra~ - - -

Flo w 
- 

(xt+Ut )

Lam inar Flo w
p 

_ _ _ _ _ _ _ _ _ _ _
- -

~~~~~
-- x

t

These  ‘ turbul e nt spots ” a re , of course , assu me - c to be
• ia,: - d i : :ersi ~ r al in the pres ent context.

4 . 1  Co nf r ou ration _ Parameters
S

he C l a t - : l ase  is as :u~~d to ha ie a le rc t c , L =  12.45 f t .  The s nin
composition. eni ch is believed to be representative of present-day

exp er i :rer ta 1 ~c-ni c l e s . is a 0.25” thick s h e e t  of co ec er  coated with

• 0.387” of a ceramic m aterial. For this sk ir : composition and using

tac-u lat ec t h e m a l  pro pert ies fcr each r a t c - r ia l  , s uch as are given in
R e - f e - -  ~~~~ n, it say be nowr that:

Btu
= o.495 2sec- ft -0F

,- Etu/0 - 1.ue4 —____

ft



—

The heati ng water is assumed to have a flow speed of 1.53 ft/sec in a
channel 0.01 ft thick. This corresponds to a flow rate of 0.96 lb m/sec
per foot of span width which is also believed representative of present
day exper i men tal vehicle flow rates .

S

~1.2 Steady State Sol utions

For each choice of operating condit ions (free- s tream speed , hea ti ng
-eater f lo w rate and inlet te m perature)  the steady state temperature
c is t r i n ut i o r s  ~l~ ’c~ she lnns t ’ of the flat p ’ate were computed . The
re:ul t : for a sipic al case (U = 20 knots , T~ = 70°F , (LT i )  55°F) are
s no w-n: in Fic- ure 4 .1.  Mote that the outsid e wal l  temp eratures , both
la n inar a d  su r ou l ert . rise abr uptly f rom t ne leading edge (where the
tc :apera t u~ e mu st equal she free-stream fluid temperature to a maxi-

va lue at eeceeen 10 a~c 30’ of the f lat  p late length and decrease
s lo w l y t ner ea f t e r . Mote , however , the  large differences in level be—
t - ; e e - r -  the t..: cases. In order to properly maintain a steady laminar
external fit. , , toe out side - ‘all temperature difference should every-
enere exceed tnat pr escribed by the e9 t rans i t ion c r i te r ion .

a
In tuc e l~ n c i r u r situation the heating water loses 44~ of i ts init ial
‘-oat content w h i le in the tur bulent case , because of the higher heat

transfer rate to the external flow , the heating water loses 78~ of its

• init ial  heat co nten t .  A t the trai ling edge of the p late w ith full y l arn i—
rj r f b I ,,. the outside c - a l l  ter erature e’ceeds that re:o ’ red to just mai r --
tam laminar fl ow by 3.U°F. if the initial heatin g wa t-~r temperatur e dif-

ference (.tT .) were to be reduced to 47.8°F , the w all temperature excess

• at the tr a ili~ g edge of the plate would be reduced to zero. It will be

shown in Section 0,4 that the time required for laminar fl ow to be ful l y

recovered after some turbulent event is a sensitive function of this

temperature excess. When the wall temperature excess at the trailing

edge is zero , the recovery time is infinite .

I
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- Figure 4.1 Steady State Temperature Distributions

• U = 20 knots (33.8 ft/sec)
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The results o-f the steady-state calculations for free—stream speeds
of 20, 40 ari d CO knots are summarized in Table 4.1. The changes of
the laminar heat loss and the trailing edge wall temperature excess
to changes in the initial heating water temperature (above the mini-
mum required value ) are shown in Table 4.2.

‘4

P

I

I

P

P
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Table 4.2

SENSITIVITY TO HEATIN G WATER INLET TEMPERATURE DIFFERENCE

(L = 12.45 ft. 01 = 0.96 lb /sec - ft of width )

Free-S tream Speed Lamin a r Heat Flux Increment T ra i l ing  Edge Wal l  Temp.
(knots) I per unit Heating Water Excess per unit Heating

- T e mperature Inc re a se Water Temp. Increase

p : kw ft~~f wi dth per °F °F/ °F
~~~~~~~~~~

20 0.47 0.43

40 0.53 0.34

50 
I 

0.53 0.32

- I 4.3 kes ul t s of ~~rr i c al r ai cu l ’ )t io n s

cc- resu l t s  of the calculation s f o r  t he -  v a r ious  t - ecove t -y scenar ios w i l l
‘ I C C . ’ he o r  e t c - n  I - ftn resul f s r.i 11 e S c a l y : only for abo u t the f i r s t  four

a
s~ ’ I 1 r I u S  into the recovery histor y . The principa - 1 reason for this is that ,

for later tir es , the explic i t finite -differ once techni nue used to solve

t h e  c o u p l e d  ~ar s ia l  differential e~ uat i o ns becomes unstab le .  This numer —
ical inst ur ii it j  rsanif ~ st s  i t se l f initially as small ‘ wi egles ” about the

mean axial di stribution after about 8 seconds into the recovery period

and these wi ggles become larger and larger at later times. This

‘nstab il ity is a result of the numer ical algorithm employed rather than

being a resul t  of the equat ions.  Rather than attempting to incorporate

a more sophisticated technique in order to extend the computations , we
have ins t ea d found an approx i m ate analyt ical solut ion which is va l i d  for
the lat ter  stages of the ‘ec cvery period. Th is analytical solut ion is

described in Section 4.4 of the present re I-ort. The ~ey to combining

I
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the early-time numerical solution with the late-time analytical solu-

tion is that the latter requires an initial condition which is provided

by the numerics at four seconds. Thus , the entire recovery process is
describable and the matching between the early and late time solutions

is riot criticall y dependent on the precise matching time . The details

of the matchin e proced ure and est imates for the recovery time are also
described in Section 4.4.

.3.1. Pe suve , - . rc~ ‘Lor l Tu rbulent P a t c h

The i niti a l .‘,- a ll and f l u i d tlaa er ’atuI-es used for the recovery calcul a—

• tions descrihec III tr :i S section are ta~eni as those corres p onding to a

fully-turbulent ex ter n al boundary layer. This is the most “sc-vere ” de-
I,I1 C~ ion imag inable from a fu l ly  la m inar  ex te rna l  boundary layer ard

co-responds to the f l a t  p la te encounteri nç a very  lone tu rb u ler t patch

embedded in the ambie n t f l uid. Three repr esen tative calculations are

snown in Fi c u cac ~ . 2 .  4.3 arid 4.4 where ta o tside wCil Sc- ( - ‘ t I

r i s t u r l e s  are sr oc .n for 51 , ei-al seco nds a f te r  o r e  ~l at- plate c - its fror,

t i e  tu rbc 1 er t In it c h.

I

N F i h i u , 4.2 . fçr e a : : p i e ,  ~ne s~ ’ ’ c ~ - s 0 c ~ e la:/r,ar and turb u lent fl’s 4-,

.- .-~~l torp er i~ uro dis t r i bu t ions are  sr c . : r  as c e l l  as the a l l  te m perature
d i s t r i bu t i on  renu ired to prevant natura l  bou nd a ry laye r t r a n s i t i o n  accord—

• in5 t o  t a  e ur i t e r io r , . ne ~ut~~de - ‘all t r : : ; I e r C -- t u r e  di~ tn ibut io r: s ,

for severa l time s a~ t- - x i~. früm a ~u r r : l r r t  pa t c h  as- c shuw l rj . *

* The present calculations assume tha t at t 0 the imposed external tur-
bul e-r i t f low complete ly  van ishes  leav in c  only the natural t:a n siti or . to
turbulent flow within the boundary layer rather than accounting for the
fact that toe turbul ent patch ’ s edge would rove rearward alo ne the plate
at 33.8 ft/sc-c . The dif fe rrl c e hnt~.’een these two is sl i ch t since the
natura l transition poin t ‘-;‘ves so much Slow er than the free-stream
speed (this ~a the case i n  ev’ r ,.’ calculation).
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F igure 4.2 Recove ry From Steady-State Turbulent Flow
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Fic urc- ~- .3. 
CIecover ~y From Steady-State Turbulent Flow
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Figur e ’ 4.4. Recovery From fteady-State Turbulent Flow
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Note that afte r removal o f the impose d ex ternal turbulen t f low i n Figu re
4.2, the transition location virtually “jumps ” to a location 30~ aft of

the leading edge ari d then progresses at a much slower rate toward the
trailing edge (i .e., in: the first 0.05 seconds , th e transi tion loca tion
moves fr-err x/L° 0.2 ti x/L 0.3 and nearly four seconds later the tran-

sition point has only progressed to x/Lz 0.4). This characteristic “jum p

and creep ” motion of the transition point has been observed in nearly

every calculation. The heating water temperatures are also shown in

Figure 4.2 (only) for the fully laminar , fully turbulent and for an inter-

mediate time during recovery .

4.3.2 Recovery From Finite Lanjith Turbulent Patch Encounter

If the fla t-plate were so encourt er a finite length turbulent patch - em-

tecced Ic she ambien t water , the wal l te m perature , upon exiting the patch .

would not be as depressed as in the previous case. Because of this , one

m i - f  expect that the recovery time would be shorter than the case con-

sidered in Section ~- .3.1: To dem onstrate that this is indeed the situ-

atior :. calculations for operating con citions sim ilar to those considered

ar- tv ious lv mere perf nrned  but f rur w hich the turbulent “soak time ” was

sc.’e r al secoocs . The calculated outer w all temperature histories for

t m- . of O t I c - t C  cases are thor-in in Fi gures 4.5 and 4.6. For both of these

5Cc - tur uu l e- -s patcn lnnipsr -as ta ken as 67.6 feet (i.e.. a duration of

• 2 seconds a r d  I second for s;- eeds of 20 knots and 40 knots , respectively).

Af ter  e x i t i m - ,r t h e  tur ha l / e t catch , the flatIJ l.al boundary layer transition

point is again soe n to “juu p to an init ial locat ion and thor1 to ‘ c re e p ”
toward she f l a t - l a te ’ s t ra i l i nc  edge. Notice that downstream of the

transition locatior . , the wall term lc ature continues to decrease even

after the turbulent patc h is exited be e - aL I ce the boundary layer is still

turb i ‘ ant there , and as lonq as it reaa ir i s tu rbulent, it tends toward
the level  ~or steady tur tu lent tier ’ . The eventual lamina r - flow recov—

• ery time for t heuc -  (and r I f fl e r) cases w ill be discussed in Section 4 , t~

p
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Figure 4.5. Recovery From Encounter with Turbulent Patch
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Figu re ‘r .6 . Recovery From Encounter with Turbulen t Patch

U = 0? ‘nets (67.6 ft / see)
70°F

- )  = 05°F

cc - c  Jurbuler ’s fl 01, ’
— 

(ce-sf le ct1- = 67 .6 7:)

-

- 

- 

- 

- 

-
,

I
,

- ~~~~~~ - T — ~~i~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~ , 

- 

-: 
-

• 

I 

/ _~~~~~~~I ’

- / 
-
,

• - .

- -

- - I ~~~- - a
—‘ - 

— — j . .) ~II  I I

~~~ 

~~~~~~~~~: f -“ : 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - C

~~~~~~~~~~~~~~~~~2. C-

~ - - -

— — -~~~ , ‘
~ ~~~~~~~~~ N -  -

- —  — I V’- -,
~~~I , 

‘- - - -~

(x /L ) :3 0 5



4.3.3 Recovery From a Par t ic le  Temporari ly “Stuc k” to the
Ve hi cle Su rface

One other situation whereby l aminar flow could be lost is by the ad-

nerence of a solid particle (say , originally suspended in the ambient

flu id) to the surface of the heated body wh i ch then “trips ” the lam i nar
boundary layer. Th i s si tua ti on wa s also numericall y modeled and some
representative results are shown in Figures 4.7 and 4.8 for the same

two operatin g -conditions considered in the previous section. For these

f ig u r e s , -it as bee n assumed that the particle adheres to the flat-plate

surface tr Io feet af t  of the leading edge and that it remains stuck for
a vehicle t ra . e i  cista rtce of 20.3 feet (0.6 sec . duration at 20 knots .

0.3 sec . at 00 ~r :ot s). [c-cause this particular case is less severe

than the pr evious tr - .-~ cases , the natural transition point almost jumps

past the plate ’ s r a i l in g edge once the particle is dislodged as may be

seen in bot h- Fi c ur ~s 4.7 and 4.8. Ifter this initial jump, the previousl y

described ‘ c ’eep ” ~or’-a rd the trailing edge is also noted , however.

1.3. 0 P eco . c r -/ Freer a Tu rbulent Soot Created ~
,!ithin the Oriaina l

Lamisar Boundary _[aver

The last lamin a r f low loss / recovery  history computation is representa-
tive of tne situation whe re a par ticle (orig inally suspended in the am-

bient flu id) enters the flat plate ’ s laminar boundary layer and , in doing

so , locally di sn ’rp t s the flaw field. In effect , a turbulent spot is

crea ted r-Ini cr: is then swept by the f low along the length of the plate .

The leading edge of the turbulent spot is assumed to be advected at the

free-stream speed whereas its trailing edge is assumed tc- move down-

stream at one - n - e lf the freestream speed . Thus , t h e  spot ’ s extent q rows
as it is swept along the plat e.

Calcula tions of such an occurrence are shown in Figures 4.9 and 4.10
. . . . -  .again for the two nom inal operating conditions considered . In either

P
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F i c~ r e  0~ 7. Recovery Fro~’- T emt t ~ ar bour idar -  Laye r Trip
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Ficure 4. 10 Reco’~- ’ry F ror , a Single Turbule nt Spot
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of these figures , the motion and streamwise growth of the turbulent

spot can be easily visualized as can the effect on the wall temperature
(the step-like appearance of the computed wall temperature distribution
is not a manifestation of the numerical instability mentioned previously
but , instead , is an artifact of the step— like manner — both in time and
position - by which the finite difference equations are solved). Note
that in both of the cases shown in Figures 4.9 and 4.10, the laminar
boundar y layer flow is fully re-established as soon as the turbulent

spot is swept past the trailing edge.

If the part i cle entr y/turbulen t s po t genera ti on mec hanism is , in fact ,

one whereby laminar flow - coul d be temporarily lost (and there is some

experimental evidence which substant iates this surrnis ’’ ) then it is very
unlikel y t hat onl y one such occurrence woul d be encountere d. Instea d ,

particles would be encountered at random time intervals distributed

about a nrc-a’- w ’nich is chara cteristic of their undisturbed spacing and

the vehic le speed . Thus , a more real i st i c s imula ti on of thi s mechan i sm
r-,’ould he to compute the effect of repetitive turbulence spots being

sviept over the flat plate surface. This was not done in the present

ste-d y 51r1- . ’a a mean ar rival rate could not be confidently estimated and

because the two limiting cases of either a s ingle par t i c le  or a contin-
v ous “swa m ” of pa rt i c le  arr i v a ls are con ta i ned i n the calcula ti ons al-
ready described.

i ~4 Time for Recover~~of Lamina r Flo w

The process of recovering a fully laminar flow after experiencing tur-

bulent events such as those described in Section 4.3 can be viewed in

terms of the approach of (oT
~
) to its steady l aminar va lue. Consider

tee temperature distr ibut ions in the fo l lowing sketch:
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• Temperature distribution 1 corre sponds , say, to that at one of the cal-
culated time s . Temperature distribution 2 can be considered to be that
at the last ti re where a ‘rel iable calculation is obtainable. Tempera-

ture distribution 0 is th a t for s tea dy external lam i na r f low , and tern-
pe raHre d is t r ibu t ion  3 i s the ea r l ies t one for ,w h i ch the trans i tion

ru nt reaches tf end of the plat e (x/L = 1.0). The recovery time can

be estim ated from tr’ e ref at whic h temperature profiles 1 , 2 an d 3 ap-
proach profile 4.

P

At any s ta t ion x/ L where the exterr ra l  flo w is lam inar (indicated by the

vertical dotted line in the sketch), equations (3.21) and (3.22) for
IT. and IT can be written

1 w

i + ~~- = - H1 (oT.) + H~ CoT ) (4.1)
Pt L 1 W

~ ~L I
I

n( .CT ) -

= H3 (oT~) - H4 (~
T
~
) (4.2)
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where
h.

H1 
= ~~~ (1-g 1)Pac j

h.

2 g2sac. 
(4.3)

H - 
[h 1 (1-9 1) - h1 g3]

Mc

H4 = 

[h1 g2 +h 0g4]

Near equilibrium (here represented by profile 4)

tT~ = (oT ~ ) +

eq

( 4 ,4 )
= (tT ) + (t)

W W ri
I

Substituting relations (4.4) into equations (4.1) and (4.2) yields the

follow ing tr- 0 sets of equations:

I
For th e eq u i’( i b rium d I strib ution:

U l e g - H  ( O T . )  + H  (OT )L 1 ‘ eq 2 W eq

(.5)

H (OT.) = H (OT )3 i eq 4 W eq
P
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For the approach to equilibri um:

—~- =  - H ó. + H1 1 2 w

= H3 f~ 
- H4 H~

Eauations (4.5) are , in fact , the equations for steacy laminar flow whose

solution would yield the temperature crofile denoted as 4 in the previous

sketch. Since the coef ficients H1. H2
, H and H4 are all co n s tan t , we

seek solutions to equ ations (4.6) that are ex corential in time.
p

Let 
~i ’ w’ - e~~

t 
(4.7)

• Equations ((- .6) then become

(H 1-~.)5 1 
- Ho.T.

~, = 0

- (4 .8)
H3 

. - ( H
4
- ,’ ) I .  = 0

For a non -trivial solution to these equations to exist , the quantity F must
•sa ci sfs t a  fo llcr- ~ing equation

2
- - - 

~~1 H4 )F, + (H1H4 
- H2H3) 

= 0 . (4.9)

The calculated values of for the three vehicle speeds considered are :
p

P
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Ta b le 4 .3. Charac teristic Tim e Constants

Freestream Speed 
~~~ 

A 2 2L (knots) (sec~~) - 
(see) (sec~~~) (see )

20 0.020 50 0.547 1.83
40 0.027 37 0.555 1.80

50 0.030 33 0.558 1.79

Onl y F 1 a nd its reciprocal , the time constant -r 1, are relevant to the

crc -sent pIro~~ er sin ce ~or = “2’ the temperature deviations 5-~ and

are opposit e in si o ri which is not appropriate for the recovery processes

considerec ii , this paper. For - . = 5~~, 
~ 

and have the same sian and

in fact , fo~ all the cases considered herein , the equili b riu m la m i n ar

wall and ‘eating fluid e ’ n l e r aeu r es are both approached from below .

,5r anal ys~ s the root F : shows t ’nat to a very close approximati on

+ :ac.)
-

- 1 . 1 2  - f _ --~~ L_ ( 4 . 1 0 )
0

i’sdicati ,ç t ’at the S i an- con5 tCrt is dire ctl y prooortional to th’- beat

ce - cc - n it -. r-e’ .‘a c - r ’ n - C  c ~~
r :C f’ir- and he atin c f l u id  tc-~ c- thu~r a rid in—

‘.‘ercely p rrr or -tion al te she neat loss rate to the extern a l flow.

Tn 0 oced~ ’-c- for r-s 5imat i n f~- recovery time follow ’s directly from -,

E oua tjor ((- .7) end ‘I ll - s k etc h - at the h en inning of t~ is secsion. 0ne

: ay  w r i t e

= :7 — ( -
,

-
_ ) . - : ((- .11)

V. xi w la m in ar

- ‘ - r e  s oec i ’ i ca l ly .  ~nr rh - ’  ‘ m el c a l c u l e s -~ prc f i le  ç p ’ -- ~f - 1 e 2 ) and
me recover. C rtI ~~ le ( :  ~~~ ~r l e 3) we may wr ite respectivel y

P
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t 2
(Lfl

2 
= A e

recover-,

= (LT )
3 

= ‘ 1

or taHoe the r~.tio of the t i n te” :Serature differences
(t - t )

- reco v e r y  2
= e ‘ 1 (4. 12)

w ere ( C T ) 3 
= (‘T)T~~ is the trail inc once r-i al l temo eratur e excess.

Sol vin g Lq ud tion (1 .12 )  fir the mcovery t i c -  yields

t 1 ~ t
2 (4.13)

C(I * ~bat v - nOn ( ‘T)7~ goes to zero . the recovery t i e  becomes infinite.

r : oo v - r .,- tires havc - been estir ~rater: usi na Scua tion ((- .13) for all the
• cases cn n: tc-d - Selecte d r=~’r l ts related to I C  cases resented in

Sec l ion  4 . are g i v - -  in t~~- table bc -h o-.’:

P

P
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T a b l e _ 4.4

RECOVERY TIMES

SPeed (

(
‘
~~

)

) 
1 OE 

(
~
T)TE 

~~~ th 
tRecov ery

P.ecovery from a Long Tur bule nt Pa tch

20 47.8 0 0 I
- 

55 7.2 3.0 91 Figure 4.2

60 12 .2 6 .2  69 Figure (- .3

(-0 86 - 0 0

90 4 1.4 107
95 9 ~, 3.1 

- 

80 Figure (- .(-

1 50 105 0 0

115 10 3.2 76

129 l~5 (- .2 6(- 
-

_ _ _-

~~~~~~~~~ 

—~~~~~~-—- --_____

Pect -.--er~’ from a Finite Len cth Turbulent Patch_ Encoun ter

20 56 7.2 3.0 67.6 66 ~
- Figure 4.5

0 - 
0 -

20.3

95 
- 

9 3 .1 135.2 72

• 
I 

67.6  53 Figure (- .6
33.8 31

Recoy~~y from a boundary Layer Trip (x > 2 ft)

• 20 55 7.2 3.0 7 Figure (- .7

40 95 9 3. 1 12 Figure (- .8

P
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Recove ry ti mes a re not g iven for the cases of the pass age of a t urb u-
le nt spot (Finures 4.9 and 4.10) since as has been noted earlier , lam i-
nar fl o- - ‘is recovered as soon as the turbulent spot is swept past the

tr a i h in c~ edge.

In a ll cases , lemmni ~ r flow is eventually recovered over the entire plate.

As expected , the recovery time is a sens i t ive funct ion of the trai l ing -

edg e wall temperature excess an d , therefore . also of the corresponding
heating water inlet temperature excess. Recovery time s can be reduced

by providin g a greater temperature excess.

Recove r- .- - times from exposure to finite length patches of turbulence

arc- , of c-curse , less than those for infinite patch l e n g t h s , but  not

a great deal less. This indicates that if a patch of turbulence ex-

tends for the order of three or more veh ic le  lengths , si gni f icant  surface
cool i ng occ ur s because of th e turbulen t , ratner than lam inar , external

heat loss rate.

F rom nior c’ntai ’ v t r ips or turbulent spots , recovery is eit h er irstanta-

neou s, or ci s o the recovery t imes arc - fai rly short , even shorter than
in dicated b ,  the present ca lcu la t ions .  This is because real t r ips and
spots are Sr roe -di me nsional (of fin ite scar -i se extent) rather than two-

dirrensi c r - s i as c-scan -red in the calculations. The drag and heat t rans fer
c o n s e q - ~en Icea of such di sturhances are dependent more en their residence

time (or flo. -.- tim e ) and are only wea kly dependent on the characteristic

recovery li nen , ‘ri, of Table 4.3.
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5. CONCLUS IONI ANt : R [Crr .~.1[~,DAT I (J NS

The maintenance of steady laminar flow on a heated submerged vehicle

requir es that the ex te rnal s ki n tempera ture a t ev ery station on t he
vehicle be equal to or greater than that required to delay transition

to that station . The ab i lity of the veh i cle to re cover laminar flow
after a turbulent event is sensitive to the amount by which the wall

temperature exceeds the minimum required for laminar flow. If there

is no temperature excess, the recovery time will be infinite. When

th ere i s excess tem pera tur e, the recovery time will depend on the ex-

tent to w h ich the turbulent ev er t  has lowered skin temperatures , and is
char -acter ized by a time constant that is directly proportional to the

heat capacit y per unit area of the skin and heating fluid together and

inversely proportio nal to the laminar heat loss rate to the external flow.

For th e calc u la ted case s, if a patch of turbulence extends for the order of
t n-n e or more - ,ehicle lengths , the recovery time for reasonable temperature
excess is or the order of one to three characteristic times (1/2 to 2 mi n-

utes for toe cases calculated). For momentar y trips or turbulent spots , re-
covery occurs - -‘cry soon after the spot or trip is cr -opt past the trailing edge.

ile , for sir~ li ci t y , the v e h i c l e  of the present study has been modeled

as a ti -c-di m ensional flat plate , the formulation is readily extendable to

f~ e genr’Ietrie ’s of actu a l test vehicles. It is strongly rn-commended that

such analyses for ac tua l  geometries be carr ied out as part of the ther ma l
design process of prospect ive veh ic les  and as an aid in the interpreta-

t ion of test data .  / t t e r ~i; ts should be made to accommodate properly the
three-dimensional character and azimuthal distributi on of turbulent spots

and rn cnen tar v boundary layer trips.
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