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SUMMARY 

The heat  losses  from the envelope surface of a U.S. Navy K-type 

airship axe eva,luated t o  determine i f  the use of heat is  a feasible  

means of preventing ice andsn~waccumulations on lighter-than-air craf t  

during f l i g h t  and when moored uncovered. Consideration is given t o  

heat losses  i n  c lear  a i r  (no l iquid  wa.ter present i n  the atmosphere) 

and i n  probable conditions of ic ing and snow. 

The r e su l t s  of the analysis indicate tha t  the amount of heat 

required i n  f l i g h t  t o  r a i se  the surface temperature of the en t i re  

envelope t o  the extent considered adequate f o r  ice protection, based 

on experience with t e s t s  of heavier-than-air c ra f t , i s  very large.  

Existing types of heating equipment which could be used t o  supply 

t h i s  quantity of heat would probably be too bulky and heavy t o  

provide a, practica,l  f l i g h t  ins ta l la t ion .  

The heat requirements t o  provide protection f o r  the nose and 

s ternregions i n  assumed mild t o  moderate ic ing conditions appear t o  

be wlthin the range of the capacity of current types of heating 

equipment sui table  f o r  f l i g h t  use. The amount of heat necessaxy t o  
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prevent snow a.ccumulations on the upper surface of the a i r sh ip  

envelope w3en mocred uncovered under aLl conditions appear& t o  be 

excessive f o r  tho heating equipment presently available f o r  f l ight  

use, but  could possibly be achieved w i t h  auxiliary ground heating 

equipment. 

This analysis is a -pax t  of a genera.1 research program being 

conducted t o  evaluate the problems associated with the operation of 

lighter-than-air c r a f t  i n  ic ing conditions, and t o  devise means f o r  

the solution of those problems considered c r i t i c a l .  One of the 

chief d i f f i c u l t i e s  encountered during operastions i n  inclement 

weather is the possible accumulation of ice  or snow on the envelope 

surface dming f l i g h t ,  and when moored uncovered. A solution t o  the 

danger of ic ing of heavier-than-air c raf t ,  which ha,s met with consid- 

erable experimental success, has been found i n  the use of heat t o  
- 

keep the surfa,ces subject t o  icing a,t a tempera,ture above freezing. 

The purpose of t h l s  investigation i s  to  determine, analytically,  

t o  what extent heat  can be used as a feasible  memod of ice preven- 

t ion  f o r  lighter-than-air c r a f t .  The analysis is  concerned only 

with the heat losses  from the a i r sh ip  envelope and no consideration 

is given t o  tihe design of a, specific system. The poss ib i l i ty  is  

noted tha t  f o r  lighter-than-air c r a f t  tlie danger caused by the 

added weight of an ice a,ccumulation maJr be allevia-ted by hea-ting 

the gas contained i n  the envelope t o  provide additional l i f t  and, 

therefore, complete removal or prevention of ice  or snow may not be 
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necessary. 

The present analysis f i r s t  considers the heat losses  from the 

envelope of a U.S. N a v y  K-8ype a i r sh ip  i n  c lear  air (no l iquid  

waster present) f o r  a range of temperature r i s e s  of the surface above 

ambient-air temperature and a range of airspeeds which cover the 

f l i g h t  and moored conditions. The heat losses  i n  clear  air are  

considered important because experience with heavier-than-air c r a f t  

has shown tha t  the amount of hea,t required t o  provide sat isfactory 

protection against ic ing has produced a temperature r i s e  of the 

heated surface above f ree-a i r  temperature i n  clear  a , i r  of from 75O F 

t o  100' F. 

A method of determining the heat  losses  under ic ing conditions 

is then applied t o  the a,irship. The l a t t e r  method provides a r a t l o m l  

approach t o  the probable e f f ec t  of the ic ing condition on the heat 

requirements, but has not been experimentally ver if ied because of a 

lack of meteorological data, associated with icing. For the present 

calculations,several ic ing conditions =e assumed and the heat 

requirements are  determined f o r  the nose a;nd the s te rn  regions of 

the airship,  which were found by f l i g h t  t e s t  t o  be subject t o  the 

most severe accumulations of ice  or snow. Considera.tion i s  also 

given t o  the heat  losses associated with maintaining the envelope 

surface above freezing tempera.ture when the airship is  moored uncov- 

ered i n  snow conditions. 
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SYMBOLS 

one-half tho length of the airship,  f e e t  

onedal f  the major ax is  of a prolate spheroid, f e e t  

surface area, squaze f e e t  

t o t a l  surface a rea  of the airshfp envelope, square f e e t  

specif ic  hea,t of a.ir, Btu per pound, ?Fahrenheit 

specific heat of wator, Btu per pound, ?E'ahrei.lheit 

specif i c  heat of snow, Btu per pound, '~'ahrenheit 

distance longitudilnally from the maxZmum section of tho 

a i r sh ip  t o  a s ta t ion  (plus a f t  and minus forward of maximum 

section), f e e t  

distance longitudinally from the maximum section of the 

prola,te spheroid, f e e t  

vapor pressme saturated air at  temperature ts, millimeters 

of mercury 

vapor pressure saturated air at  temperature ta, mill inotcrs  

of mercury 

l a t e n t  heat of fusion of ico, Btu per pound 

coefficient of heat  t ransfer  by convection betwecn the 

a i r sh ip  surfaco and the atmosphere at a, point i n  the 

laminar boundary layer, Btu per hour, square foot, 

0 Farenhe it 

coofficiont of heat t ransfer  by convection between the 

a i r sh ip  surfa,ce and the a,tmosphsre a t  a. point i n  the 

turbulent boundary layer, Rtn per hour, square foot, O~ahrenheit 
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weighted coefficient of convective hea t  t r ans f e r  f o r  the  

0 e n t i r e  a i r sh ip  surface, Btu per hour, square foo t ,  Fahrenheit 

thermal conductivity of air, Btu per  hour, square foo t ,  

?Fahrenheit per  f o o t  

over-al-1 leng%h of the a i r sh ip  measured along the longi tudinal  

a x i s  (2a),  f e e t  

i,>,fer~-l; beak of vccyorization of water, Btu per pound 

r a t e  of catch of water per  u n i t  area,  pounds per  hour, square f o s t  

ambient-a,ir pressure, mill imeters of mercury 

ra, te of hea t  t r ans fe r ,  Btu per  hour, square f o o t  

r a t e  of hea t  t r ans f e r  by convection, Btu per hour, squme foo t  

ra, te of hea.-t t r ans f e r  by evapora,tion, Btu per hour, square f o o t  

r a t e  of hea t  t r ans f e r  required t o  melt snow, Btu per  hour, 

squase f o o t  

r a t e  of hea,t t r ans f e r  i n  laminas boundary layer, Btu per hour, 

square f o o t  

r a t e  of hea t  t r ans f e r  by radia t ion,  Btu per  hour, square f o o t  

r a t e  of hea t  t r ans fe r  required t o  hea t  snow t o  melting 

point ,  Btu per  hour, square foo t  

r a t e  of hea t  t r ans f s r  required t o  hea.t water t o  temperature 

ts, Btu per  hour, square f o o t  

r a t e  of hea t  t,x-ansfer i n  turbulent  boundary layer ,  Btu 

per  hour, square foo t  

t o t a l  quant i ty  of hea t  l o s t  from the surfa,ce of the  a i r sh ip  

by convection, Btu per  hour 

t o t a l  quant i ty  of hea,t l o s t  from the surface of the  a i r sh ip  

by radia.tion, Btu per  hour 
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radial  distance from the longitudinal axis to  the outer 

surface of the envelope, f ee t  

radial distance from the longitudinal axis t o  the surface 

of .tha pso2ate spheroid, f ee t  

boundary-layer Reynolds number (vs/v), d im@nsionless 

c r l  t i c a l  boundary-layer Reynolds number (VS, 1%' ) , dimensionless 

Reynolds number based on airship length (v,L/v), dimensionless 

distance along the surface of the airship from the forward 

stagnation point, f e e t  

amb ienh i r  temperature, ?E'ahrenheit 

0 ambient-air temperature, Rankine 

average temperature of tihe envelope surface, ?Fahrenheit 

average temperature of the envelope surf ace, O~ankine 

arithmetic average of the absolute temperatwes of the air 

9nd envelope surf ace, OXankine 

l o c d  air velocity i n  the boundary layer, f ee t  per second 

local air velocity outside the bou1daY.y layer, f ee t  per second 

free-stream a i r  velocity, f ee t  pbr second 

weight density of a i r ,  pounde per square foot 

ra te  of evaporation of water per unit  area, pound per hour, 

square foot 

distance perpendicular to surface of the &irship, f ee t  

distance from the nose of the airship measured along the 

longitudinal axis, f ee t  
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distance from the surface t o  the point i n  the laminar boundary 

layer where the velocity head i s  one-half .its local  value 

outside the boundary layer (u = 0.707V), f e e t  

the value of % at the point of t ransi t ion between laminar 

and turbulent flow, f e e t  

distance from the surface t o  the point i n  the turbulent 

boundary layer where the velocity head is one-half i t s  

local  value outside the boundmy layer (u = 0 .TOT), f e e t  

heat-transfer characteristic length f o r  a turbulent boundary 

layer 

emissivity factor  for  the airship envelope surface, 

dimensionless 

boundary-layer momentum thickness 

kinema,tic viscosity of a i r ,  square foot per second 

Stefan-Boltunarm radiation constant 1.73 x lo-', Btu per 

(w), (sq f t) ,  (OR)* 

turbulent b oundaxy-layer parame tor 

In  order t o  deternine the heat losses from the airship in  

clear a i r  or icing conditions, it fs  necessary to  evaluate the heat- 

t ransfer  coefficients which perta,in t o  the transfer of heat from 

the airship surface t o  the atmosphere by convection. For the deter- 

mination of the ra te  of heat transfer from a, streamlined body due to 

convection the method developed i n  reference 1 i s  used f o r  the region 

of laminar boundary layer. This method is based on theories of 
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previous investigators f o r  incompressible flow along a f l a t  p la te  

maintained a t  a constant tempera,ture. The method presented i n  

reference 1 is complex when applied to the turbulent region, and 

therefore is presented f o r  one airspeed only. An approxima.te 

method haxing sat isfactory agreement with tha t  of reference 1 has 

been employed t o  complete the calculations. 

K-Type Airship Velocity 3oundaY.y- Za,yer Characteristics 

I n  order t o  agply the heat-transfer equations presented herein 

it is necessary f i r s t  t o  dotemine the chara,cteriatics of the 

velocity boundary layer  over the surface of the a,irship. 

'Teloci-by dis t r ibut ion ovcr the airship .- The prof i le  of the 
I__--- ---I - 

a i rsh ip  is  represented by the following equation fron; reference 2: 

where 

R = 28.9275 f e e t  

a = length of envelope 4 2 = 123 f e e t  

d = distanco longitudinally from tho maximum section t o  stantion 

(plus a f t  and minus forward of origin; max. section is  a t  

40 percent of a i r sh ip  length), f c e t  

Table' I contains the prof i le  of fse ts  calculated from equation 

(1) * 

Since no data a re  a,va.ilable on the velocity d is t r ibut ion  ovcr 

tho K-type a.irship, tho prof i l e  of the forwmd portion of the air-  

ship is  approximated by a prola-to spheroid : 
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where 

a,= = 90 f e e t  

R = 28.9275 f e e t  

The spheroid prof i le  off s e t s  thus determined appear i n  tab le  11 

and axe & n o s t  identica.1 with those of tne airship back t o  90 f e e t .  

Refcrenco 3 shows tbat a , t h e o r e t i c d  calculation of the velocity 

d is t r ibut ion  by the following equation f o r  a nonviscous, incompress- 

ible f l u i d  over the f orwasd portion of qua,drics such a.s prolate 

spheroids is i n  good agreement with experimental data.  

V = Vo ( 1  -t k,,) s i n  8 

where 

The ve1ocit;t: dis t r ibut ion as calculated by equa,tion (3) appears 

i n  tzble 11. Since the prof i les  of the spheroid and t h e  a i r s h i p  

are very newly  ident ica l  from the nose back t o  90 fee t ,  the velocity 
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distr ibut ion thus cstlcula,ted is  assumed t o  agply i n  t h i s  region of 

the airahip stnd i s  l i s t e d  f o r  the corresponding prof i le  of fse ts  of 

the a i r sh ip  i n  table  I. 

The experimental dab presonted i n  r e f e r e m  3 f o r  spheroids 

Itnd i n  reference 4 f o r  the C-7 a.irship i n  f l i g h t  show t h a t  the 

velocity dis t r ibut ion is  nearly unifom between about the 35percent  

point and the @+percent point  of the a i r sh ip  length. Between tha 

8+gercent point and the a f t  end of the a i r sh ip  the velocity drops 

t o  about 60 percent of f r e e  stream velocity, and tests of airshfp 

models (reference 5 )  show tha t  while .the boundmy lq re r  thickens 

rrpfdly turbulent sepmation does not occur. It appears jus t i f ied  

t o  a.ssume tha t  the velocity dis t r ibut ion over t11e K-tma a i rsh ip  

follows the same trend, and the values obWined thereby axe presented 

i n  table  I f o r  the en t i r e  a.irship. 

Laminar boundary-layer thickness .- Mill ikm i n  ref erenco 6 

assumes power-series expressions f a r  the boundary-layer prof i les  

i n  laminas axla turbulent flow and subst i tutes  in to  the &an.& 

"integral relations," which are  essent ial ly  f i r s t  integrrzls of the 

Prasldtl boundary-lajer equations f o r  a figure of revolution. The 

expressions which are derived apply t o  incompressible flow i n  which 

turbulent separa,tion does not occur. 

The equation f o r  the mickness of the l amina  boundary l a p r  

thus derived appears i n  reference 1 i n  the following fom: 
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Using t h i s  formala, the thickness of the laminar boundary 

layer  is  calculated fo r  air8peed.s of 10 and 50 miles per 

hour and is plot ted i n  figure 1. The ca,lculations of boundmy- 

layer  thickness, convective heat-transfer coefficients,  a d  heat 

losses  i n  c lear  air axe made f o r  s t a n b d  sea,-level a.tmospheric 

pressure and atmospheric temperature of 32' F. 

Location of point of t rans i t ion  between laminer and turbulent 

boundary layers.- The posit ion a t  which the laminm boundary la,yer 

becomes unstaBle and turbulent flow se t s  i n  i s  defined as the 

t rans i t ion  point.  The c r i t i c a l  Reynolds nunber %c is ba.sed on 

the thickness of the laminar boundosy la,yer a t  t h i s  point.  

The mcgnitude of Rgc is dopondent on the l eve l  of turbulence 

i n  the a, i r  s t rean and the character is t ics  of the airship nose. 

Experiments with f l a t  pla.tes end airship moCels a.s summarized i n  

reference 6 indica,te t h a t  the most forward point 2.t which t r m s i t i o n  

w i l l  occur corresponds t o  a, va.1~0 of 
R% 

of 3 b 0 ~ t  1200. 

The na,ture of the bow mooring a,ssembly on the K-type a i r sh ip  

L s  such a,s t o  induce ewly t rans i t ion  and it i s  o.ssmed t h a t  the 

ma.gni tude of w i l l  coincide with the lower l i m i t ,  1200. The 

choice of t h i s  value yields heat- t ransfer  data, which are c0nserVht-h 

t ive,  since the hea.t l o s t  i n  a region of laminas flow is l e s s  than 

tha.t l o s t  i n  one of turbulent flow. 

Turbulent b 0undas~-layer thickn&ss. - Model t e s t s  reported i n  

reference 7 have shown tha t  the formula 
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used i n  reference 6 is  quite accurate i n  reprasenting the prof i le  of 

the turbulent boundary layer  of the airship back to  about 85 percent 

of the length. A f t  of 85 percent t he  boundary layer thickone and 

changes prof i le  ropidly i n  the prosonce oi" an ciaverse pressure 

gradient and the equation no longer applies.  

The thickness of the turbulent boundory layer  i s  representod 

by the following oxpression from reference 6: 

where 

Figuro 1 presents the turbulent boundary-layer thickness of the 

a.irshLp at  50 miles per hour and f o r  t ransi t ion a.t R8c = 1200, 

obh,inod from the preceding equation. 

In order t o  express the turbulent boundary-hyer thickness i n  

the f o m  rcq?xirod by reference 1 t r ~ o  new relationships are introduced: 

1, According t o  reforenco 8 ST is  ro1a.tc.d t o  the momentum 

th-ickness 8 i n  a, turbulent boundcxy layer  of the f 0i~il of equa.tion 

( 5 )  by 

6~ = 0.907 8 ( 7 )  

whore 0 f~3  defined as 
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and 6 is the distance from the surface to the point where u = V. 

The initial value of 9 at the transition point is determined from 

the pelationship 9 = 0.28961; for the m n a r  profile. 

2. The following relationship was derived in reference 9 from 

von ~LmIil's formula. for the skin friction ex~erienced by a flat 

plate with a fully developed turbulent boundary layer: 

Coefficients of Convective Heat Transfer 

From the Airship Surface 

Heat-transfer coefficients -. -- in the laminar region.-Reference 1 

develops the following eqqlation for the rate of heat transfer in the 

laminar boundary layer: 

qL = 0.700 $ (ts - t,) ~tu/hr, ft2 

where the heat-transfer coefficient is 

and 6~ is expressed by equation (4)- 

The values of hL are calculated for several airspeeds and 

plotted in figure 2 back to the transition point where R F ~ ~  = 1200. 

Heat-transfer coefficients in the turbulent region by method of 

reference 1.- The heai;-transfer equations presented in reference 1 

for the turbulent region are similar to those presented in the 

previous section: 
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and 

The characteristic heat-transfer length 4 in reference 1 is 

related to the velocity boundary-layer expression by the relationship 

The heat-transfer coefficients thus detemined are plotted for 

an airspeed of 50 miles per hour in figure 3. 

Heat-tranafer coefficients in the turbulent region by method 

of reference 10.- Because of the complexities involved in the 

calculation of the heat-transfer coefficients in the turbulent 

region by the method of reference 1, an alternative method was 

sought, In reference 10 a method is developed for calculating heat 

transfer along a flat plate fromthe equations of Colburn in 

reference 11. 

The expression for the turbulent region is: 

If the temperature difference between the airship surface and 

the atmosphere is less than 100' F the error introduced by replacing 

Tap by T, is less than 3 percent and the expression becomes 
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The agreement betwen the methods of reference 1 and reference 10 

is shown i n  f i@e 3 f o r  an airspeed of 50 miles per hour. It is 

assumed that the agreement i s  equally satisfactory at  other airspeeds 

and so equation (14b) was used i n  calculating heat-transfer coeff i- 

cients i n  the turbulent region of the curves i n  figure 2 f o r  a 

range of airspeeds between 10 and 65 miles per hour. 

Heat Loss In Clear A i r  

Experience with heavier-am-air c ra f t  has shown that  satis- 

factory ice protection was obtained by beating the wing leading edge 

back to  10 percent chord t o  a temperature r i s e  of approximately 

100' F in  clear air and allowing the heated air to  circulate through 

the aft portion of the wing which heats the wing surface i n  t h i s  

region t o  a r i s e  of from about 30' t o  10' F. It is not known i f  

t h i s  heat distribution would apply direct ly t o  an airship, but it 

is believed tha t  heating the ent i re  surface would ensure protection. 

Therefore, the heat requirements f o r  raising the ent ire  envelope 

surfa,ce temperature above tho atmospheric temperature ttro calculated 

f o r  various airspeeds and temporaturo r i ses .  

An indication of the regions of the airship envelope which are 

susceptible to  icing was obtained during a f l i g h t  conducted i n  

icing and snow conditions with a K-type Navy airship. The rosults  

of t h i s  t e s t  are reported i n  reference 12 and show that  the nose 

region extending aft f o r  a distance of about 30 fee t ,  and. the upper 

surface of the airship stern accwnulated the greatest amount of ice 

and snow. These t e s t  resul ts  indicato tha t  heating of the nose and 
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s te rn  regions only may provide sat isfactory ice protcction. There- 

fore,  &tor the heat  rcsquiroments t o  maintain the en t i r e  envelope 

a t  various temperatuxos w e  presented, the computation of the heat 

l o s s  from tho nose and s t e m  regions only is given. 

Total hertt l o s s  from tho en t i r e  envelope.- The t o t a l  hea t  l o s s  -- 
from the a i r sh ip  is made up of the heat losses  by convection and by 

radia.tion. To determine the convective hcat  loss,  an average heat- 

t ransfer  coeff i c i c n t  f o r  tho ent i re  surface was calculated. For t h i s  

computation the surface of the envelope w a s  divided in to  255 segtnants. 

The heat-tr=nsfer coofficiont at  the center of oath segment w a s  

weighted by the r a t i o  of tho area of that segment t o  tho t o t a l  

surface area and tho averagi: taken of the 25 v d u e s  thus obtained. 

Tbe resu l tan t  a v e r c p  convective heat-transfer coofficient is  plottod 

against indicated airspoed i n  f igure 4 and, f o r  indicated airspeeds 

above about 7 miles per hour, may bo expressed as 

where V is  i n  miles per how. Below an indicated airspeed of 

7 miles per hour the curve i s  fa i red  t o  an approx-&ate value of the 

hoat-transfer coeff ic ient  f o r  f ree  convection at zero airspoed 

caJ.culn,ted from equations given i n  reforence 13 f o r  f la t  p la tes  i n  

horizontal znd ve r t i ca l  posit ions.  For the a i r sh ip  calculation an 

average value of the f ac to r s  expressing the heat-transfer coeffi- 

c ien t  f o r  tho di f ferent  p la te  positions used. The heat-transfer 

coeff ic ient  f o r  f r e e  convection is a d i r ec t  function of the tempera- 

ture difference bctwocn the a i r sh ip  s&a.ce a,nd the ataosphera; 
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therefore, values for the various temperature differences are 

incli?.3ed in figure 4. 

For the calculations of the heat lost from the airship envelope 

by convec%ion, the en-tire sarface Is assumed to be at a uni-form 

tenperature. Employing the average coeft'icient from figure 4 thc 

heat loss is represented by: 

0 and is plotted for a range of values of (ts - ta) between 1 F and 
100' F in figure 3 .  The lower portion 3f figure 5 is expanded in 

figure 6. 

Because of the large surface area of the envelope (36,000 sg ft) 

radiation losses, cvon for smL1 temperature differences, are sitpi-- 

f icant . According to the Stef an-Bolt zmannt s equation (ref ercnce 13) 

For an aluminum surf ace E = 0.5. 

The subject of heat transfer by radiation is complicated, 

particularly In the case where solar radiation is present. Iiowcver, 

on overcast d-ays it may be assumed that the cloud base acts as a 

black bo0y at the temperature of the air at that aLtitu&, and that 

the ground acts as a black body at tho temperature of tho air at the 

ground level. Furthcr, in the case where the ground is covered with 

snow and the clouc base is at frcczing temperatures it may be assumed 

that tho entire area to which heat is radiating from the airship is 

at 32' F. It is for thSs idealized case that the radiation losses 

a n n n a r i n ~  in fimrcs 5 and 6 are calculated over a rangc of 



NACA RM Do. ~ 6 ~ 2 0  

tempera.ture differences from lo t o  100' F.  

D e s e  calculations axe presented t o  indica.te the order of mag- 

nitude of radiation effects  which a re  present f o r  the specific con- 

d i t ions  assumed. During other comditlons, par t icular ly where solar  

radiat ion is  present, other asswap tions axe required and fur ther  

concepts of radiant  hea.t t ransfer  introduced which are  beyond the 

scope of the present analysis.  

Total heat l o s s  from nose and s t e m  regions.- The nose region -- 
considered to  require hea,ting extends a f t  f o r  30 f e e t .  T3e s te rn  

region requiring protection was  estimated t o  be the upper half 

extending a f t  f o r  a distance of 20 f e e t  from the section 1oca.ted 225 

f e e t  from the nose of the airship.  'I'he hea,t l o s t  from the nose a& 

s te rn  regions by convection and radiation is  computed f o r  surface 

tem~erature r i s e s  of 100' F and 50' F at a free-stream a, i r  velocity 

of 50 miles per hour. 

The t o t a l  hea t  l o s s  from the nose region by convection is  

obtained by dividing the heated region in to  nine sewents  and taking 

the a,verage heat-transfer coeff ic ient  f o r  each segment from f igure 2. 

The summation of the products of the heat-transf e r  coefficients,  

segment areas, and the surface tempera.ture r i s e  gives the t o t a l  heat 

l o s s  by convection from the nose region. The convective heat l o s s  

from the s t e m  region is  calculated i n  the same manner, but  using a, 

value of the convective heat--transfer coefficient of 5 Bta per hour, 

0 square foot,  F. This value was obtained by extrapolating the 

curve of figure 2 f o r  50 miles per hour because it i s  d i f f i c u l t  

t o  calculate the heat-transfer coefficients f o r  t h i s  region of the 
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airship due to uncertainties in the type of flow existing over the 

stern portion. 

The heat loss by radiation from the nose and stem regions i~s 

computed by equation (17), using the heated surface area of these 

regions and assuming that the region to which heat is radiating is 

at 32' F, as was done in the calculation for the radiation losses 

from the entire airship envelope. The results of the calculations 

to determine the total beat loss from the nose and stern regions are 

tabulat ed below: 

I II 

~emperaturd Heat loss, ~tu/hr. 1 I rise, 4 1 Convect ion i l  Radiation Total 1 
I 1 From nose; From ster From nose! From stern; I 

1 I I I I 
50 /1,274,goo~ 149,600 l i  79,300 14,500 1,%8,300! 

I 

100 
/I I !2,j6?,g~~1 299,200 ,;182,600 33,hOC 3,078,100: 

Heat Loss in Wet Air (Icing Conditions ) or Snow 

A method of calculating the heat losses from the envelope 

surface during flight when liquid water is present in the atmosphere 

at temperatures below freezing is presented. Consideration is then 

given to the heat requirements for preventing accumulations of snow 

during flight and when the airship is moored uncovered on the ground. 

Icing conditions during flight.- For the calculation of the heat 

required to provide protection from icing during flight, the method 

given in reference 14 is used. The regions which are considered to 

require heating in order to provlde satisfactory protection for the 



EACA RM No, ~6L20 

airship are the nose and s tern  areas, which were found t o  be suscep- 

t i b l e  t o  icing i n  the t ea t  reported i n  reference 12 and are the 

areas used i n  the l a s t  part of the clew--air ana3pis. 

The method of calculation given i n  reference 14 considers the 

total. heat loss t o  be made up of the heat required t o  bring the 

temperature of the water caught on the surface up t o  the surface 

temperature, the heat loss by evaporation of the water from the 

wetted surface, and the heat transferre& from the surface t o  the 

atmosphere by convection, In th i s  analysis the heat loss by radia- 

t ion is added because of the large surface area involved. The 

amount of heat los t  t o  the liquid water caught on the surface w i l l  

depend upon the ra te  of catch of water. A method for  calculating 

the r a t e  of catch of water 3n cylinders or apheres, which includes 

the determination of the region of catch and the distribution of 

water over th i s  region, is presented i n  reference 15. The various 

factors involved i n  ascertaining the ra te  of water catch are water 

drop size, concentration of liquid water i n  the atmosphere, wind 

velocity, and the geometry of the body concerned. The application 

of the method given in  reference 15 t o  the airship indicated that ,at  

a velocity of 50 miles per hour and considering the nose of the 

airship as a sphere with a radius of 11 feet ,  water w i l l  not be 

caught if the drop diameter is less than about 80 m9crons (0.00315 

inch). The limited amount of data obtained t o  date indicates that  

i n  icing conditions the diameter of the water drops varies from 6 t o  

To microns. However, the flight t e s t  reported i n  reference 12 showed 

that  the nose of the airship accumulated ice and snow. It is, 
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therefore, evident tha t  the  idealized conditions s e t  up t o  calculate 

the  r a t e  of catch, and the  available information on the meteoro- 

logica l  conditions existing in  icing, cannot be applied t o  the  

airship.  This may be a t t r ibuted  i n  par t  t o  the  probabili ty tha t  t h e  

bow mooring attachment on the a i r sh ip  causes disturbances in  the 

flow over the  nose which departs from the  idea l  conditions assumed 

in the  calculations. A smooth f a i r i n g  over the bow of the a i r sh ip  

might improve the  flow conditions t o  the  extent tha t  very l i t t l e ,  

i f  any, i ce  would accumlate on the  nose. U o ,  it is possible 

tha t  the  water drops encountered during the f l i g h t  t e s t  of the 

a i r sh ip  were considerably la rger  than reported t o  date because the  

infomaation on meteorological conditions which is presently available 

is admittedly l imited i n  scope. 

For the  present calculations, therefore, the region of catch at 

the  nose was determined from the r e su l t s  of the  f l i g h t  t e s t  of 

reference 12 t o  extend back 7& f e e t  along the longitudinal axis from 

the nose of the airship.  I n  order t o  determine the r a t e  of catch of 

water it is assumed tha t  t5e  surface over the nose and extending 

back 30 f e e t  along the  longitudinal axis is wetted. This region is 

assumed t o  require heating and the  t o t a l  r a t e  of catch is taken t o  bs 

equal t o  the  t o t a l  r a t e  of evaporation from the wetted surface. 

I n  order t o  calculate the r a t e  of heat loss  per uni t  area of 

the  a i r sh ip  surface, t he  following equations a re  used: 

1. The r a t e  of heat loss  t o  the l iquid  water required t o  r a i s e  

the  water from atmospheric t o  heated surface tenperatwe is given by 
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In this equation the temperature of the water before it is heated is 

assumed to be the same as that of the atmosphere because the magni- 

tude of kinekic heating is very small. The variation of the rate of 

catch over the region of catch was approximated by the method of 

reference 15 and is a maximum at the nose of the airship and zero at 

the point 7% feet back from the nose. 

2, The rate of heat loss by evaporation of water from the 

wetted surface is computed from 

where W, the rate of evaporation, is obtalned from 

The coefficient of heat transfar by convection hc has been pre- 

viously calculated for the clear-ir analysis, and for this calcula- 

tion the vaLues are taken from figure 2. 

3. The rate of heat transfer from the heated surface of the 

airship to the atmosphere by convection is given by 

where hc, the convective heat-transfer coefficient, is obtained 

from figure 2. The temperature rise of the surface due to kinetic 

heating is neglected in equation (21) because it is only 0.2' F to 

0.3' F. Information coveriiig the calculation of the kinetic ternper- 

ature rise in wet afr (icing conditions) is presented in references 

16 and 17, 
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4, The heat loss  by radiat ion is calculated by the same method 

used in  the  clear-air analysis, which u t i l i z e s  the following equation: 

5. For the region of catch of l i qu id  water the t o t a l  r a t e  of 

heat t ransfer  per uni t  area is the  sum of the various heat losses 

computed by equations (18) through ( 2 2 ) ,  or 

For the wetted area aft of the region of catch the loss  due t o  

heating the  l iquid  water qw is not included i n  the t o t a l  values, 

The calculation of the heat loss  from the airship surface is  

based on the  following conditions : 

Free-stream a i r  velocity To, 50 miles per hour 

Pressure a l t i tude ,  1000 f e e t  

Ambienttrir temperature ta, 30' F and 10' F 

For the calculations of the heat losses from the nose region. the 

surface is  assumed t o  be heated t o  40° F. The four components of 

the  t o t a l  r a t e  of heat t ransfer  per uni t  area a r e  calculated f o r  

several s ta t ions  on the longitudinal ax is  from the nose back t o  the 

30-foot point, The calculated ra tes  of heat t ransfer  a r e  plot ted i n  

f igure  7 t o  show t h e i r  var iat ion over the  heated nose region of the 

airship.  The variat ion of the  t o t a l  r a t e  of heat t ransfer  per uni t  

area, obtained by summing the values shown in f igure 7, is presented 

In figure 8. The variat ion of' the t o t a l  r a t e  of heat t ransfer  per 

uni t  area obtained f o r  the clear-air  condition f o r  surface 
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temperature r ises  of 50' F and 100' F is included in  figure 8 fo r  

comparison with the wet-air values. The values of the ra te  of heat 

transfer a t  X/L = 0, shown on figure 8, have been estimated 

because the nose of the airship is obstructed by the mooring attach- 

ment which makes it impossible t o  e m l u t e  the heat losses i n  that  

region. 

An indication of the t o t a l  ra te  of heat loss fromthe nose 

region of the airship was obtained in  the same manner as was used i n  

the clear-air enalgais by iUviding the heated region into nine 

segments and obtaining the average ra te  of heat transfer per unit 

area for  each segrnent from figure 8. The summation of the products 

of these average heat-transfer rates and segment; surface axeas is 

considered as the t o t a l  r a t e  of heat loss from the nose region. This 

procedure gives values for  the t o t a l  r a t e  of heat loss of about 

441,000 Btu per hour fo r  to of 30' F, and 1,165,000 Btu per haur 

fo r  to of lo0 3'. 

The heat losses from the upper surface of the airship envelope 

a t  the stern are calcalated i n  the same manner as outlined fo r  the 

nose region and for  the same conditions. The stern region requiring 

protection was taken t o  be the same as used i n  the clear-air 

analysis, extending a f t  for  a distance of 20 feet  from the section 

located 225 feet  fromthe nose of the airship. The area of catch 

was estimated t o  extend between these longitudinal stations and t o  

cover the upper one-third of the stern region. The entire upper 

surface of the stern is considered t o  be wetted and, therefore, 

requires heating. For the calculation of the heat bosses due t o  
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evaporation and convection an average value of the convective heat- 

transfer coefficient hc of 5 Btu per hour, square foot, ?Ei' 

is used, This value of the heat-transfer coefficient is the same as 

used in the clear-air analysis a d ,  as explained in that part of the 

report, was obtained by extrapolating the curve of figure 2 for 50 

miles per hour. The heat losses calculated for the stern region are 

tabulated below: 

/Ambient-airj~ate of heat loss from the stern (aread00 ft2),~tu/hr. 1 
temperature: . * 
ta (OF ) 1 Heat vat er E~aporat~ion i Convection / Radiation , Total 

__3_i_l_ I I 

Phe total heat losses frolii the nose and stern regions are 497,420 Btu 

per hour for 30' F atmospheric temperature and 1,315,030 Btu per hour 

for 10' F atmospheric temperature. 

Snow during flight.- The results of the flight test reported in 

reference 12 indicated that the only serious accwwlations of snow 

during flight at cruising speed of about 50 miles per hour occurred 

at the stern of the airship. Therefore, only the stern region, 

previously defined for the icing calculations, is considered to 

require heating. For the snow condition the heat losses from the =@a, 

of catch are considerlsd to be made up of the heat required to raise 

the tenperature of the snow to its melting point of 32' F, the heat 

required to melt the snow, the heat necessary to bring the melted 

snow up to the surface temperature, and the heat losses due to 

evaporation, convection and radiation which are the same as calcu- 

lated for the icing condition. The heat losses from the wetted 
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region are made up of evaporation, convection, and radiation only, 

The rate of heat loss per unit area of the surface to the snow 

anti water is given by the following equations: 

1. The heat required to raise the temperature of the snow to 

the melting point is obtained from 

where cs, the specific heat of snow, is taken as 0.5 Btu per 

pound, OF,. 

2. The heat required to melt %he snow is given by 

where F, the heat of fusion, is 144 Btu per pound. 

3, The heat required to raiae the temperature of the water 

(melted snow) up to the surface temperature is computed by 

The total rate of heat transfer from the stern region is obtained by 

multiplying the preceding rates of heat transfer by the area of catch 

and adding the total to the evaporation, convec+tion, and radiation 

losses. 

The conditions for which the heat losses were calculated are 

the same as assumed for the icing computations, with the exception 

that instead of determining the rate of catch from the rate of 

evaporation, rates of catch were asswned for the two atmospheric 

temperatures, At the atmospheric temperature of 30' F the rate of 
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catch was considered to be 0,624 pound per hour per square foot of 

horizontal surface. This value is based upon the average rate of 

precipitation encountered during the flight test reported in refer- 

ence 12, which was about 1.2 inches of snow per hour, and is con- 

sidered to be representative of moderate snow conditions. For the 

calculation of the heat losses at an atmospheric temperature of 

lo0 F, the rate of precipitation was taken as one-half the value for 

30' F, or 0.312 pomd per hour yer square foot of horizontal surface. 

The values of the heat lo,qsea ca!.zulated for tbe snow condition are 

as f 01.10~s : 

- 
:date of Yea-i; lose frmthe airship i 

!air tern-, stern area = 603 ft2 j , ~tu/hs. - ------- -*-----.---- 
I 

Snow on moored airship.- In order to determine the heat require- 

ments when the airship is moored uncovered in snow conditions, the 

entire upper half of the envelope was considered to be heated. The 

area of catch was defined in the same manner previously used for 

the stern region and the same method of calculation is used, The 

rates of' precipitation are taken to be the same as for the precediw 

computation, but the other conditions are as follows: 

Free-stream air velocity Vo zero mile per hour 

Pressure altitude, standard sea level presaure, 760 millimeters 

of mercury 
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Ambient-air temperature taj 30' F and lo0 F 

Since the free-stream air velocity is assmed to be zero, a new 

value of the convective heat-transfer coefficient is calculated by 

the following equation: 

which is based on information given in reference 13 for heat transfer 

by natural or free convection from flat plates In horizontal and 

vertical positions. %he values of the heat losses calculated are 

tabulated below: 

Rate of heat loss from upper surface of airship 

The heat requirements to provide an appreciable temperature rise 

of the entire surface of the airship envelope are shown by figures 5 

and 6 to be extremely high, and the existing types of heating equip- 

ment of sufficient capacity to supply this quantity of heat probably 

would be too bulky and heavy to make a practical installation for 

flight use. An indication of the magnitude of the calculated heat 

losses nay be obtained by comparing them with the heat available in 

the engine exhaust gas, which has been successfully employed as a 
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source of heat for ice-prevention systems installed on heavier-than- 

air craft. For the K-type airship, which has two engines rated at 

about 450 horsepower each, the total amount of heat available in the 

exhaust gas at maximum power is approximately 2,000,000 Btu per hour 

for a gas temperature drop of 1200' F. Actually, a maximum of about 

50 percent of this value could be recovered by heat exchangers for 

use in an ice-prevention system. BY reference to figure 6 it is 

apparent that this amount of heat would provide a surface tempera- 

ture rise of about 25' F at zero airspeed, and of about h0 F at a 

cruising speed of 50 miles per hour. 

The heat requirements of the nose and stern regions calculated 

for clear-air conditions to give surface temperature rises of 50' F 

and 100' F are high. The calculations for the wet-air conditions 

indicate that the heat requirements of the nose and stern regiom 

for the icing condition assumed in the computations for an atmos- 

pheric temperature of 30' F could be met with existing types, of 

heating equipment. The validity of assuming that satisfactory pro- 

tection would be afforded by heating only the nose and stern regions 

would have to be ascertained by flight tests. 

A comparison of the rates of heat transfer in clear air and wet 

air shown in figure 8 for the nose region indicates that the amount of 

heat required to produce a surface temperature rise of 50' F in clear 

air is about the same as that required to maintain the surface 

temperature at 40' F in wet air at 10' F. These results show that, 

if a system were designed to provide a 50' F surface temperature rise 

in clear air, the limiting icing condition in which the system would 



afford protection would be that 'represented by the wet-tnir calcula- 

tions for an atmospheric temperature of 10' F. 

The amount of heat calculated to be necessary to prevent snow 

accwmrlations on the airehip stem during flight appears to be 

within the range of capacity of existing types of heating equipment 

suitable for flight use. Flight tests would be required, however, to 

determine if supplying heat only to the upper surface of the stern 

region would provide satitsfactory protection to allow the airship to 

be operated aafely in snow conditions. 

The heat requirements to prevent accumulations of snow on the 

upper surface of the airship when moored uncovered could probably be 

supplied with heating equipment suitable for flight use for the snow 

condltions assumed for the calculations at an ambient-air tempera- 

ture of 30' F. Under more severe conditions auxiliary ground equip- 

ment could be utilized to provide additional heat. In the calcula- 

tions of the heat requirements for tbe moored airship, and for the 

stern of the airship during flight, heat losses from only the upper 

surfaces were considered. Actually, a portion of the lower surface 

may require heating to prevent the freezing of water which may run 

onto the lower surface fram the heated upper surface. Te~ts would 

be necessary to determine the aeverity of ice accumulations which 

might f o m  in this manner. 

CONCLUDING REMARKS 

The results of this analysis indicate that the amount of heat 

required in flight to raise the surface temperature of the entire 
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envelope to the extent considered adequate for ice protection 

probably cannot be met by any present type of heating equipment suit+ 

able for flight use. This conclusion is based upon an airplane wing 

leadiq-edge heating requirement of a surface temperature rise of 

75' F to 100' F in clear air which has proved adequate in flight 

tests in natural icing conditions. The use of heat to protect the 

nose and stern regions of the airship from ice or snow fomnation 

during flight apFears to be feasible for mild to moderate icing and 

snow conditions. However, flight tests will be necessary to determine 

if heating only these regions will provide satisfactory protection 

for the airship. The heat required to prevent the accumulation of 

snow on the upper surface of the airship when moored uncovered under 

all conditions appears to be greater than could be supplied by 

existing heating equipnent adaptable for flight, but could ptobably 

be met by the use of auxiliary gro?md equipment. 
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TABLE I, - PROFILE W~TNATES AND m o c I m  DIS~IBUTION FOR 
U, S, K-WE AIRSHIP. 

TABLE I1 .- PROFILE CrRDINfEES AM> VELOCITY DISTRIBUTION OF 
FCrRWARD HALF' OF PROLATE SPHEROID. 

Note: L = length of airship, 246 feet  

x = longitudinal distance from nose of 
airship, feet  

r = radial  distance from longi.tudina1 
axis t o  envelope surface, fee t  
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FIGURE UGENDS 

Figure 1.- Profiles of the laminar and turbulent, boundary layers for 
the K-type airship. 

Figure 2.-Variation over length of K-type airship of convective 
heat-transfer coefficients for several airspeeds (where 

Fj.e;l;r? 3.- Comparison of convective heat trmsfer coefficien.ts 
6btai.ned by equations given in reference 1 and reference 10 for 
the turbulent region of the airship at 5O miles per hour. 

Figure 4,- Variat_ior: of the over-all averege extsrml convective 
heat--,ransfer cocrficient with indic:ted airspeed for K-type 
airship. 

Figure 5.- Variation with airspeed of total heat loss from K-type 
airship at several values of texperature difference between 
ambient air and airship surface, At; clear air conditions (no 
liquid water present ) . 

Figure 6.- Lower region of figure 5 expanded. 

Figure 7.- Rate of heat t ransfer  from surface of U. S. Navy K-type 
airship due to losses to liquid water caught on the surface, 
evaporation of water from the surface, convection, and radiation, 
when the surface temperature is maintained at 40° F, for ambient- 
air temperatures of 30' F and 10' F, during flight at lCOO feet 
pressure altitude at 50 miles per hour. 

Figure 8.- Rate of heat transfer from surface of U. S. Navy K-t pe i45 airship to maintain the surface temperature at 100' F and 50 F 
above ambient-air temperature in clear air, and to maintain the 
surface at 40' F when liquid is present in the atmosphere at 
temyerktures of 30° F and 10' F, during flight at 1000 feet 
pressure altitude at 50 miles per hour. 
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