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N ATION AEFiONAUTICS 

FOR AIR FLOWING TELROUCIH STACKS 

OF PARAILEL FLAT PLATES 

By  Eldon W. Sams and Walter F. Weiland, Jr. 

An investigation  is  being  conducted  at  the NACA Leuis  laboratory  to 
obtain  forced-convection  heat-transfer and pressure-drop  data for  flaw 

d 
I of  air  between  electrically  heated  parallel  flat  plates stacked to form 
5 passages of short.length-to-effective-dia?neter ratio. Two such  stacks 

of  plates  were  alined in series in the  direction of air flow,  with a 
1/4-inch  spacing  between  plates in each  stack.  Data  were obtahed for 
three  gap  spacings  betweeri s t a c k s  of 1/32, l/8, and 1/4 inch, as  well 
as for  various  degrees of plate  misalinement  between  stacks,  and  also 
with  the  upstreamstack  removed f rm the tugnel. The primary  purpose 
of  the  investigation is to determine  the  interference  effects  of  the 
upstream  stack of platee on the  heat-transfer  and  friction  character- 
istics of the  downstream  stack. 

Data  were  obtained  over a range  of  Reynolds  number f r m  15,000 to 
80,000, average  surface  temperatures  fram 661' to 683' R, heat  fluxes 
up  to 8080 B t u  per hour per  square  foot,  inlet air temperature  of  about 
518O R, and inlet  pressures  up  to 45 inches of mercury  absolute, and 
with  heat  addition to the  downstream  stack only. 

The  average and local  heat-transfer  coefficients  obtained  for  the 
downstream  stack w i t h  the two stacks  alined  were s l igh t ly  higher  than 
the  values  predicted frm-established data on round  tubes  for  the 
length-diameter  ratio  used  herein. Also, the  effects of changes in 
plate  misalinement  and  gap  spacing  between  stacks  were  found  to  be  neg- 
ligible.  The  friction  factors for the  upstream  stack,  when fu,Uy cor- 
rected  for  nonfriction  losses and length-diameter  ratio  effects,  were 
in good  agreement  with  data  for  smooth  round  tubes;  for  the  downstream 
stack,  the  friction  factors  were  lower  than  those  for smooth tubes  when 
a uniform velocity  profile  at  the  entrance  was  assumed, and higher  than 
those  for  smooth  tubes  when a fully developed  velocity  profile  at  the 
entrance  was  assumed in the  correction of the  data  for  entrance  effects. 
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The  present  investigation was undertaken 
heat-transfer  and  pressure-drop  data for.fluw 

to obtain  forced-convection 
of air  between  electrically 

heated  parallel  flat  plates  forming  passages of short length-to--effective- 
dimeter ratio.  More  specifically,  the  progrAuiwa6  designed to provide 
these  data  fpr  successive  stacks  of  plates herein the  effects of such 
configuration  variables  as  distance  between  parallel  plates,  gap  spacing 
between  successive  stacks, and degree af misalineaent  between  plates in 
successive  stacks  are  to  be  evaluated  for a range of Reynolds numbers, 
plate  surface  temperatures, and heat  fluxes. 

These  data are of  interest  in  the  design  of  heat  exchangers of sim- 
ilar  geometries  (and  plain  or  interrupted  surfaces),  where  advantage  can 
be  taken of the  increased-heat  transfer  associated  with  flow in passages 
of  short  length-diaueter  ratio. In addition t o  average  heat-transfer 
values,  the  design of heat  exchangers may require a more  detailed knowl- 
edge of local  surface-tenperatme  gradients  or  limiting  local  tempera- 
tures, in which case  recourse  must  be made to  local  heat-transfer  values. 
Both  local  and  average  heat-transfer  coefficlents  a.re  reported  herein. 

In the  present  investigation,  heat-transfer  and  pressure-drop  data 
were  obtained  for  two  stacks  of  parallel  flat  plates with a 1/4-inch 
spacing  between  plates in each  stack,  various  de  rees  of  plate  misaline- 
ment,  and  various  gap spacings..l1/32., .:i18, F d  174 in. between  stacks, 
as  well as with  the  upstreari  stack  removed. %e data  reported herein- 
were  obtained with heat  addition to the damstream stack only. Data 
were obtsined  over a range of Reynolds numbers  from 15,000 to 80,000 , 
average  surface  temperatures from 661° to 683O R, heat  fluxes  up to 
8080 Btu per how per  square  foot, an inlet  air  temperature of about 
518O R, and  inlet  pressures  up to 45" inches of mercue-Xbsolute.- " -  

-- . ". . 

"" " 

The  results  are  presented  herein in the form of curves of average 
values of a Nusselt-Prandtl  number  relation  (Nu/Prom4)  against  Reynolds 
number,  of  local  heat-transfer  coefficients and plate  temperatures 
against  distance from leading  edge o f  plate,  apd of average  friction 
factors  against  Reynolds  numher. 

- . .. . . . . . . .. ." " 

APPARATUS 

Air and Electrical Systems 

A schematic  diagram of the  test  section and related  components of 
the  air  and  electrical systems used in this  investigation is shown in 
figure 1. 

. .. 
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Air  system. - A s  indicated in figure 1, air  at I l O  pounds  per 
square  inch  gage  passed  through a pressure-regulating  valve, a filter, 
and an orifice run consisting of an air  straightener and an A.S.M.E. 
type  flat-plate  orifice  where  the air flaw was  measured  before  entering 
the  test  section.  The  air  then  passed  through  the  test  section which 
consisted  of an approach  section,  the two stack8  of  electrically  heated 
flat  plates, and a three-pass mixing tank having a thermally  insulated 
approach,  after  which  the  air  discharged  to  the  atmosphere.. A window 
and  light  source  were  provided  upstream of the  test  section for  visual 
observation of the  flat  plates  during  testing. 

The  temperature of the air entering  the  test  section was measured 
by an iron-constantan  thermocouple  upstream of the  approach  section;  the 
temperature  of  the  air  learing the test  section was stmilarly  measured 
by  two themocouples just  dawnstreem  of  the mixing screens in the mixing 
tank. 

Electrical system. - Provisions  were  made for electrically  heating 
both  stacks of flat  plates, although only the damstream stack  was  heated 
for the  data  reported  herein,  the  electrical  system  for  each  stack  being 
separate  and  independently  controlled  (see  fig. I). Electric  power  was 
supplied  to  each  stack  through a variable  transformer  and a p m r  trans- 
former,  the  latter  being  connected  by  flexible  cables to bus  bars  which 
were  fastened  to  the  two  outer  plates  (top and bottam) of each  stack; 
the  plates in each stack were  connected in series.  The  capacity  of  the 
electrical  equipment  for  each  stack was 12 kilovolt-amperes  at a maximum 
of 12 volts  across  the  stack. 

Test  Section 

Installation 
figure 2(a). The 
in a steel  tunnel 

. - A schematic  diagram  of  the  test  section  is sham in 
two  stacks  of flat plates  were  independently  mounted 
provided with micrometer  screws to permit  vertical 

movement of the  stacks  for  plate  alinement  and  misalinement  between 
stacks.  The two stacks  could  be  separated by 1/32-, 1/8-, or 1/4-inch- 
thick  transite  spacers  having a 2- by 3-inch opening in the  center. 
Similar  spacers of 3/4-inch thickness  were  provided  before  the  upstream 
stack and after  the  downstream stack, with a high-temperature  rubber 
gasket  recessed  into  the  spacer  to  provide an air seal  between  stack  and 
spacer.  Transite  plates (not shown) running the  length of both  stacks 
were  provided  between  the  stack and tunnel  side w a l l s  with  sufficient 
clearance to a l l ow  vertical  movement of the  stacks;  these  transite  plates 
were grooved vertically  to a l l o w  plate  instrumentation  leads  to  be 
brought up the  side of  the  stack. A wooden  approach  section (24 in. long 
with 2- by 3-in. opening) ha- a rounded  entrance was located  before 
the  upstream  stack. A three-pass mixing tank was located  after  the 
downstream  stack;  the  mixing-tank  approach  section  was,thermally 
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insulated  and  contacted a rubber  gasket in the  rear  spacer. Two screens 
were  provided in the  mixing  tank  center  passage  for  thorough mixing of 
air  ahead of the  exit air thermocouples. 

* 

The two  stacks of plates  tested  were  identical, one such  stack 
being s h m  in more  detail in figure 2(b) .  The  stack  consisted of nine 
flat  plates  stacked  vertically  with a 0.25-inch  spacing  between  plates. 
This  spacing was provided by either  one  1/4-inch  or two 1/8-inch spacer 
strips  running  the  length of the  plates along either  side.  The  strips 
(conductors  or  insulatwrs)  were  Btacked in such a manner  as  to  provide . 

an electrical  6eries  connection  between  plates. An insulator  plate  and 
a steel  support  plate  were  provided  Over  the  two  outside  plates in the 
stack  (fig.  2(a)),  the  entire  stack  being  clamped  together by four in- 
sulated  bolts  through  the  stack.  The bus bars  supplying  electrical pow- 
er to the  plates  were  silver-soldered  to  the  conductor  strips of the two 
outside  plates in the  stack.  Bosses  which  were  provided on the  bottom 
support  plate of the  stack-rested on micrameter  -screws  fastened  to  the 
bottom  tunnel wall, thereby pr&ihing me&is.-for  CerfZc~d-m&ement  to  ob- 
tain  alinement or misalinement of the two  stacks. 

M 

" 

Instrumentation. - The  instrumentation for each  stack of plates  is 
indicated in figure 2(b) .  The  flat  plates  were 0.018 inch  thick, 3 
inches  wide  (exgosed t o  flow), and 3.5 inches long. Iron-constantan 
thermocouples  were  imbedded in the  plates  by  cutting growes 0.014 inch 
wide and 0.008 inch  .deep  into the plate at right..i&les to the  direction 
of flow. The  iron-constantan  wires (0.005-Fn. diameter  including  insu- 
lation)  were  then  laid in the groove  and  covered  with an insulating ce- 
raent. The  thermocouple  lead6 f r m  the  edge of the plate were  secured  to 
the  outer  edge  of  the  spacer  strips  (between  plates)  and  then  brought  up 
the  sides  of  the  stack.  Thermocouples  were  placed in the various plates 
of the  stack  at  the  locations  indicated in figure 2(c).  The  number of 
thermocouples  was  progressively  decreased  toward  the  outer  plates,  giv- 
ing a total of 68 thermocmples in  each  stack. 

.. . . .. 

. .  

* 
. " 

V 

- 

. .  

Voltage-drop  leads  were  also  silver-soldered  to  the  conductor 
strips  at  the  edges of each  plate  (the  conductor  strips being spot 
welded  to  the  individual  plates) in such a manner  as to obtain  the 
voltage drop across each plate. her-all voltage-drop  readings  were 
also obtained  for  the  stack. 

.- 

Static-pressure  taps  were  located in each of the  three  transite 
spacers  as  indicated in figure 2(a), the  static  taps  being  placed  at 
the  center of the bottop..and side- surfaces of the.  opening. in each  case. 
The  various  pairs of static  taps acro~s each &ck were %ad separately 
on U-tube  water  manometers  to  obtain the pressure drop across  each 
stack. 

" 

- 

- 
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A photograph  of  the cmplete test  section is shown in figure 3. 
Au thermocouple Ehnd voltage drop leads  were  brought out between  two 
rubber  gaskets  under an access  plate on top  of  the tunnel. The  access 
plate  covered both stacks of heated  plates; it also  provided seals for 
the  bus  bars leavtng the  tunnel  and  fittings for insertion of probes 
into  the  spacer  openings. 

Evaluation  of  average  plate  and stack temperature. - As previously 
indicated in figure 2(c), thermocouples  were  located  down  the  center 
line of the  plate  at Wrlous distances  from the plate  leading  edge  with 
a similar  row of thermocouples d o n g  a line 3/4 inch  from  the  center 
line  toward  either  side of the  plate.  The  plate  temperature  gradients 
normal to  the  direction of air  flow  were  found to be small campared to 
gradients  in  the  flaw  direction;  therefore,  the  temperature  gradient  for 
the  plate c h  be well  represented  by  plotting  the  plate  center  line tem- 
perature  against  distance frm-the leading  edge.  The  gradients  for  each 
plate in the  stack  were  plotted in t M s  manner;  where  center  line  ther- 
mocouples'  were  not  available  (see  fig. 2(  c} } , the  average  of  the two 
side  row  thermocouples  was  used.  The  average  temperature  for  each  plate 
was then  obtained  by dividing the  measured  area  under  the  curve of the 
plate  center  line  temperature  against  distance  from  leading  edge by  the 
plate  length. The average  surface teqerature  for the  entire  stack was 
then  taken as the  arithmetic  average  of  the various average p la t e  tem- 
peratures  weighted  according  to  the  surface  area  exposed  to flow. (The 
two outside  plates  were  exposed to flow on one  side  only.) 

Average  heat-tranefer  coefficients. - The average  heat-transfer  co- 
efficient  for  the  stack  was  computed  from  the  relation  (symbols m e  de- 
fined in appendix A} : 

The  average  bulk  temperature %,av was taken as the  arithmetic  average 
of the  inlet-air  and  exit-air  total  temperatures, TI and T4, respec- 
tively. The heat-transfer  surface  area S was taken  as  the  total sur- 
face  area  of  the plates exposed  to flow. The  exposed  surface  area  con- 
tributed  by  the  spacer  strips  between  plates is  not  Included, but would 
have a negligible  effect on h. The values  for physical properties  of 
air  used  herein  are  presented in figure 4 .  
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Local  heat-transfer  coefficients. - Local  heat-transfer  coeffi- 
cients f o r  the  center  plate  (plate 5) in the  stack  were  evaluated in 
the  following  manner. The local  heat-transfer  coefficient  at any dis- 
tance  fram  the  leading  edge was .taken  as 

Tb, Z was assumed  to vary linearly  with X (distance  from  plate  leading- 
edge)  between T1 and T4;  Ts, was  obtained  from the plot of local 
plate  temperature  against X as  explained in the previous section. 
This curve  was also used to evaluate Pz/Pav in equation ( Z }  in the 
following  manner:  Inasmuch as  the  voltage drop across  the  plate is  es- 
sentially  constant  at any distance franleading edge X, and  since  heat 
conduction along the  plate c m  be  neglected,  the  local  parer  generatian 
at any point X is  given by - . ..", .. I . . . . .. 

pZ = E ~ ~ / R ;  = C/rt 

That  is,  the  local  power  generation at . a n y  point  (distance X from 
leading  edge) in the  plate  is  inversely  proportional  to-  the  electrfcal 
resistivity r at  the  point;  hence frm a curve of electrical  resis- 
tivity r against  temperature  for  the  plate  material. ad the curve of cr 

plate.  By  gFaphically  integrating  this . . .  curve  to  obtain l/rav, the 
ratio of l / rZ to l/rav (which also represents Pi/Pav) was then 
plotted  against  distance from leading edge X. The local heat-transfer 
coefficients hz for  the number 5 p h t e  could-then be  camputed  fram 
equation (2) and plotted  against X. 

*s, 2 against X, a curve of l/rz  against X was  plotted  for the 
, - . . - . - 

. .  

Average  friction  coefficients. - The method  used for computing  the 
average  friction  coefficients  for  the ~ n d i v l d ~ i i  stacks is as follows: 
The  friction  coefficients. are based .on measure&  Btatic-pressure drops 
which  were  corrected  for  entrance, exit, vena contracts,. and mamentur~ 
losses.  The  equations  used  in  calculating these losses  are  derived b~ 
appendix B. The values of- measured  pressure drop, .as previously ex- 
plained,  were obtabed fr& several  pair6 of .static  taps  .located in the 
transite  spacers on either  side of and  between  the  stacl&.  (fig. 2(a) i 
The pressure drop across  the  upstream  stack was taken as the  average of 
the  pressure  drops  measured by the  tape in the two- sides of the spacer 

..  .. . w  

. .  

. . -. . . . . .  ." ~ 

- "  

" - 
* "i 
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qpening.  Because of slight surface  interruptions  between  stacks,  static 
probes  were  used in measuring  the drop across  the  downstream stack. The 
equations  derived in appendix B result in the following evaluation  of 
friction  factor: The f u l l y  corrected  average  half-friction  factor is 
defined  as 

where pav was evaluated  with  the  total  temperature and the  static 
Dressure in the  center  window  opening  (negligible  error  for  range  of - 
conditions  investigated); and 

QCom = [&meas - 
where : 

4 e n  

4ex = 

and: 

GZ2 

2@1 
= -  (I - F2) 

where Kc is a function of free-flaw  factor F f o r  the  stack,  the 
value of which  was  obtained from reference 1. The  measured  average 
half friction  factor, also used here in ,  is similarly defined as : 
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PROCEDURE 

As previously  noted, two stacks of flat  plates  were  used  in t h i s  
investigation.  The  plates  were  spaced 1/4 inch apart in each  stack  with 
either a 1/32-, 1/8-, o r  1/4-inch  gap  between  stacks.  The  two  stacks of 
plates  were  first dined i n .  the direction of air  flow,  and  data  were ob- 
tained  at  various  Reynolds  nwfbers.  The  average  stack  temperature  level 
reported  herein was that  which  resulted frm limiting  the  Plighest  local 
temperatures  (trailing  edge  of  autside  plates)  to a safe  operating  value 
far  the  iron-constantan  thermocouples  used.  Data  were  similarly ob- 
tained  for two degrees of plate  misalinement,  which  were  obtained by mov- - -  w 
ing the  upstream  stack  vertically. For the  case of slight  misalinement, 
the  upstream  stack  was  moved a distance  equal  to  one  plate  thickness 
(tap of plate in upstream  stack level with bottm of  plate  in  downstream 
stack);  while  for  complete  misalinement,  the  upstream  stack  was  moved 
by  one-half  the  distance  between  plates. 

- 

. ". 

RESULTS AND DISCUSSION 

Plate  Tenperature  Gradient6 

Typical  plate  temperature  gradients  obtained for the  dawnstream 
stack  are  presented in figure 5, where  local  surface  temperature T,,b 
is  plotted  against  distance from plate  leading  edge X. 

The  plates  are  numbered  from  top  to  bottam of the  stack,  but  are 
listed in an order of s@metry  starting  from  the  center.plate  and movtng 
toward  the  outer  top  and  Eottom  plates.  The  curves f o r  the  three ten- 
termost  plates  are  essentially  coincident,  while  the  next  two  plates on 
either  side of the  three  centermost  plates show slightly  higher  terqpeya- 
tures  at  the  trailing  edges.  The  curves for the  two  outside  plates  fall 
considerably  above  the  other  curves,  particularly  at  the  trailing edge; 
this  would  be  expected  inasmuch  as  the  top  and  bottom  plates  are  cooled 
on one  side only ( se6 fig. 2 (a) ) . The  dashed  lines, for the four outer- 
most  plates,  represent an approximation of-the temperature  gradient, 
since  thermocouples  were  located only  at  the  leading axid trailing  edges 
of these  plates.  The  average  plate and stack  temperatures  were  obtained 
from these  curves as indicated in the  section METBaD OF CALCULATIOR. 

i 

.. -. 

d 

" 

- 
.. - 

.. 

. ." . .. 

Heat-Transfer  Data 

Average  heat-transfer  caefficients for- stack.. - The  .average  heat- 
transfer coefficients  obtaFned for the  dawnstream  stack are presented 
in  figure 6 where  tbe Nusselt-Prhdtl m e r  - relation -. . N U ~ / P < ~ . ~  is L 

plotted  against  Reynolds  number DeG/pb. Included  for  comparison  is 
" 

. . ." 
. .- 



NACA RM E 5 4 F l l  9 

the  McAdams  line  (solid)  which was found  to  best  represent  the  data  of 
various  investigators  (ref. 1) for ful ly  developed  turbulent flow  in 
smooth tubes;  the  equation  is: 

w The  predicted  line  (dashed) in  figure 6 includes a correction  to 
0 the  conventional M c A ~ s  equation  (eq. (12)) to account for the  increase 

in avera e heat-transfer  coefficient  to  be  expected  with  passages  of 
short &le (7 .6  ) . This correction was mde in reference 2 by inclusion 
of EL puwer  function of LIDe in equation (121, the  equation  being: 

. 

Nub DeG -0.1 

fib 0.4 = 0*034 (G) (e) 
which,  for L/De = 60, becomes  equation (12) and, for LIDe = 7.6, 
becomes 

represented  by  the  dashed  line i n  figure 6. The  magnitude  of  this  in- 
crease in the  heat-transfer  coefficient fa further  verified in qeference 
3 (investigation  of  average and local  heat-transfer  coefficients as 
flmctions  of Re and X/De for  smooth  entrance flow through tubes 
and  between  parallel flat plates) for the case of uniform  heat flux 
with uniform  initial  temperature and velocity  distributions. 

The  average  heat-transfer  coefficients for the downstream  stack 
(fig. 6) are  shown  for  the  case  of  stacks  (plates)  alined in the  di- 
rection  of  air flow with vwious gap spacings (1/32, 1/8, and 1/4 in. ) 
between  stacks, as w e l l  as with the  upstream  stack  removed  from  the tun- 
nel. The data for all configurations  are in reasonably good agreement 
(about 15 percent high) with the  predicted  line.  The  effect  of  gap 
spacing and removal  of  the  upstream  stack is 6een to be negligible. 

The  effect  of  plate  misalinement  is  shown in figure 7. With  the 
two stacks  ccnqpletely  misslined a s  described in PROCEDURE, the  top in- 
sulator plate  of  the  upstream  stack  (see  fig. Z(a)) partly blocks  off 
the top passage of the  downstream  stack.  Hence, in order  to  ccanpare 
the  data  for  various  degrees of miealinement,  the  average  heat-transfer 
coefficients  for  the three center  plates  of  the  downstream stack were 



used in each  case.  The  results  are  shown in figure 7, with  the  same  co- 
ordinates  a8  in  figure 6. The  data for the  alined  condition  fall 
slightly  higher  than in figure 6.Inasmuch as the  electrical  heat  input 
was  used in evaluating Q for  the  three  center  plates.  These  data  are 
compared (fig. 7) with  those  for  the  completely  misalined  and slightly 
misalined  conditions  for  the various gap  spacings  investigated.  The 
effect of pl+te  misalinement  also  appears to be  negligible. 

I .. " . - 

Visual  observation  of  the  plates  during  testing  indicated  that  the 
center  seven  plates of the  heated  stack  remained  flat and perfectly 
alined  wfth  the  first Stack; the  two  outside  plates, which were  cooled 
on one side only, showed  slight  bending. 

Local  heat-transfer  coefficients  for  center  plate. - The  local 
heat-transfer  coefficients  obtained  for  the  center  plate  of  the  down- 
stream  stack  are  presented in  figures 8 to 11. 

In  figure 8, hi is plotted  against X for  the  case  of  plates 
alined  with various g q  spacings  between  stacks, as well  as  with  the 
upstream  stack  removed;  this  comparison  is  shown  for  two  values of . " 

Reynolds  number. As seen in figure 8, gap  spacing  and  removal of the 
upstream  stack  have M appreciable  effect on the  local  coefficients, 
as  was also shown for the  average  coefficients.in.figure- 6. 

. .  

." . .. -_ 

As explained in MEZEOD OF CALCULATION, the  local  heat-transfer co- 
efficients  were  calculated  with  the  assumption of no heat  conduction . 
along the pla te .  The  effect  of  heat  conduction can be  taken  Into ac- v 

count  by  use of the following equation  (all  terns  are  for  the  center 
plate) : 

. .  

-4 

where  the  first  term  (right side, eq. (15) 1 is  defined in equation. (2), 
and  the  second  term  accaunts for heat  canduction  along  the  plate. The 
corrected  values  of h2 can then  be  computed;  the  uncorrected  val.ues 
Of h2 obtained at the  highest  Reynolds  number  Kith  the  upstream  stack 
removed  from  the  tunnel  are  campared  with  the  corresgondi&  corrected 
values of hz in figure 9. The  effect  of  canduction along the  plate 
is seen to be small; hence,  the  effect of conduction is neglected-in 
sub  sequent  discussion. .. . 

. ,  

"" .. 
" " . 

"- 

. ." 

A comparison of the  local  heat.-tramfer  coef?icientro?Jtabed w i t h  
the  upstream  stack  removed, and .the  predicted values of rgference 3 is 
s h m  in figure 10 as a variation of local Ihsselt number NUX with 

. .  . ." 
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X/De. The values  obtained from reference 3 (dashed l ines)  6.re for   the 
case of a gas (Pr = 0.731 flowing between pa ra l l e l   f l a t   p l a t e s   w i th   t he  
condition8 of uniform heat  flux,  constant  properties, and uniform tem- 
perature and veloci ty   dis t r ibut ion  a t   the   entrance.  The predicted 
curves a re  shown for essentially  the same d u e s  of M e t  Reynolds nm- 
ber Rei and heat-flux  parameter as obtained in  the  present  investiga- 
t ion.  A t  the  lowest ReynoMs number, the  experlmental d u e s  (solid 
l ines)   a re  i n  good agreement with  those  predicted,  although slightly 
higher  near  the  leading edge. With increase i n  Reynold6 number,  however, 
the  experimental VdUeS are smewhat higher throizghout as also indicated 
by the  average  coefficients (downstream stack only} in   f igure  6. 

The effect  of p la te  misalinement on the  variation of  local  heat-  
transfer  coefficient  along the p la t e  i s  shown in   f igure  1l where h z / k V  
i s  plotted  against X. The data are  shown f o r  the  cases of plates  
d ined ,   s l i gh t ly  misalined, and completely  misalined at a Reynolds rider 
of about 40,000 and a 1/8-inch gap between stacks.  Figure ll indicates 
that pla te  misalinement resu l t s  in s l igh t ly  higher values of h z / h v  at 

% 
(d the  leading edge and s l igh t ly  lower values at the   t ra i l ing  edge. The 
P average  heat-transfer  coefficient  for  the  center  plate was essentially 

I the same fo r  a l l  degrees of misalinement, as  w a s  also shown i n  figure 7 
23 f o r  the three  center  plates. 

cu 

Friction Data 

Average f r ic t ion   fac tors   for  upstream stack. - The average hslf- 
friction  factors  obtained Tor the upstream stack are  presented in f ig-  
ure 12 wherein half-fr ic t ion  factor  f / 2  i s  plotted  against Reynolds 
number DeG/pb. Included, f o r  canparison, is  the GrmAn-Nikuradse 
line  (solid),  representing  the  relation between f r ic t ion   fac tor  and 
Reynolds number f o r  turbulent flow i n  smooth pipes, which i s  * = 2 log  (Re v 5 )  - 0.8 

In  comparing the data presented  herein  with  those f o r  f u l l y  devel- 
oped turbulent  flow  (reference  line) , the   effect  of L/D, must be  taken 
in to  account; this effect   consists of (I) a momentum loss i n  the  stack 
associated wFth t rans i t ion  from a flat velocity  profile  at   the  entrance 
to same degree of f u l l y  developed turbulent  velocity  profile a t  the 
ex i t ,  and (2)  an increase i n  average f r i c t i o n  factor  associated w i t h  
short L/De wherein the  entrance  effect  (region of high local  shear 
stress and f r i c t ion )  may exist over  a  considerable  portion of the  pas- 
sage length. These effects.   are accounted f o r  in the  analysis of  ref-  
erence 3 w h i c h  predicts   f r ic t ion  factors   for  flow betweenparal le l   f la t  
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plates  wtth uniform velocity  distribution a t  the  entrance as a function 
of X/De and Reynolds number. Reference 3 indicates that the   ra t io  of 
average fr ickion  factor   for  X/& = 7.6 t o  the f r i c t ion   f ac to r  for fu l ly  
developed turbulent f l o w  i s  about 1.54 for the range of Reynolds numbers 
investigated  herein. The predicted line (dashed, f ig .  12)  represents 
the  reference  lFne  (solid)  corrected by this rat io .  

- 

Two different  values of f r ic t ion   fac tor   a re   p resented   in   f igure  1 2  
for  the  present  data: (1) fr ic t ion   fac tor  based on measured s ta t ic -  
pressure drop, and (2)  f r ic t ion   fac tor  based on measured pressure drop 
f u l l y  corrected  for  entrance,  exit,  momentum, and vena contracta  losses 
as eqlained in the section MFXZOD aF CALCULATION. The measured values 
of f / 2  f a l l  s l ight ly  above the  predicted line. When the various 
losses  are  taken  into account,  the data f a l l  within rb8 percent of the . 

predicted  line. 

Average f r ic t ion   fac tors  f o r  damstrem  stack. - The average half- 
f r ic t ion   fac tors   for   the  downstream stack are  presented i n  figure 13 in 
the same manner as that used for the upstream s t ack   i n  figure-12. The 
friction  data  presented  are  for a 1/8-inch gap between stacks. The 
fkict ion  factors  based, on measured pressure drops f a l l  near the pre- 
dicted line; but when the  various  losses and the same L/De correc- - 

t ion used for  the upstream stack i s  taken  into  account,  the data f-or the  
downstream stack f a l l  considerably below the predicted  line. The L/De 
correction, as previously  indicated, is  for   the case of uniform velocity 
dis t r ibut ion  a t   the  stack entrance. This condition i s  satisfied for the 
upstream stack  (fig. 121, but it i s  questionable as t o  whether the 
1/8-inch gap between stacks i s  adequate t o  completely f l a t t e n  cut (be- 
fore it enters the downstream stack) w h a t  i s  essentially a fully devel- 
oped velocity  distribution at the exit of the upstream stack  (indicated 
by ref. 3 ) .  The results of figure 13 (overcorrection of the  data)  indi- 
cate that complete flattening  out does not occur. 

.. - 

Average friction  factors  for  both  stacks ccrmbined. - It might be of 
i n t e re s t   t o  campare the results in figure 13 with those  for  the  case 
where no f la t tening out of the flow a t  the  entrance  to  the  damstream 
stack i s  assumed t o  occur, tha t  is ,  where the two stacks  are conofdered 
as a continuous passage. The data   for  the latter case are  presented i n  
figure 14, where the fully corrected  friction  fact& are based on-meas- 
ured  pressure d r a p ~  across  both  stacks  corrected far entrance, exit, mo- 
mentum, and  vena contracta  losses, and with the.reference line corrected 
for  an L/De = 15.2 (dashed l ine) .   Fr ic t ion  factors  based on measured 
pressure drops are  again included. The f u l l y  -corrected  half-friction 
factors now f a l l  s l ight ly  above the predicted l ine  (data undercorrected). 
Hence, a comparison of figures 13 and 1 4  indicates that the  velocity 
dis t r ibut ioa  a t   the   entrance  of the  damstrem  s tack is neither unlfofi 
nor  substantially  fully.developea  as at the exit of the upstream stack. 

" 

" 

. "  
t 

.. - 
c 

. .  . . .  
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Su"ARr OF RESULTS 

13 

w 

0 
8 

The results of tests  to  obtain  heat-transfer  and  pressure-drop  data 
for  flow  of  air  between  electrically  heated  parallel  flat  plates,  with 
various  gap  spacings  and  degrees  of  misalinement  between  stacks,  can  be 
summarized as follows: 

1. Average  heat-transfer  coefficients  ob+ain& for the  downstream 
stack  fell  considerably  above  the  conventional M c A d a m s  line  representing 
average  coefficients  for fully developed  turbulent flow in smooth  tubes 
of length-diameter  ratio  L/De  approximately  equal to 60. When  the 
M c A d a m s  line  was  corrected  to  account for L/De  effects  (L/De = 7.61, 
the  data  gave  reasonably  good  agreement  with  the  predicted  line  (about 
15 percent high). The  effects of gap  spacing  and  plate  misalinement 
between  stacks  were  found  to be negligfble. 

2. Local  heat-transfer  coefficients  obtained for the  center  plate 
of  the  downstream  stack (with upstream  stack  removed)  were compared with 
those  predicted  by  analytical  methods  for flow of a gas (Pr = 0.73) be- 
tween  parallel  flat  plates  for  the  case  of uniform heat flux and  initial 
temperature  distribution,  and  uniform  velocity  distribution  at  the  en- 
trance. The experimental and predicted  values  were in fairly  good 
agreement at the  lowest  Reynolds  number,  the  experimental  values  becam- 
ing  somewhat  higher  with  increase in Reynolds  nmfber. 

3. Average  half-friction  factors  for  the upstreem stack, when fully 
corrected for entrance,  exit,  momentum,  and  vena  contracta losses were 
in good  agreement  with a predicted  line;  which was  based on the Ka'dn- 
Nikuradse  line  representing  average  friction  factors  for fully devel- 
oped turbulent  flow Fn smooth pipes  with  suitable  correction  for  L/De 
effects.  The  data  fell  within "8 percent  of  the  referenee  line. 

4. Average  half-friction  factors for the  downstream  stack fell  be- 
low  the  predicted  line when a uniform  velocity  profile at entrance  was 
assumed  and  above  the  predicted  line  when a m y  developed  velocity 
profile  at  the  entrance was assumed. 

Lewis  Flight  Propulsion Laboratory 
National  Advisory  Committee  for  Aeronautics 

Cleveland, Ohio, June 14, 1954 
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APPENDIX A 

SYMBOL5 

The following symbols are  used i n  t h i s  report: 

free-flow area, sq f t  

plate  thickness, f t  

constant 

specific  heat of air at constant  pressure,  Btu/(lb)(%') 

effective diameter of stack passage, U/Z, f t  

potential  difference, volts 

free-flow  factor  (free flaw a rea / to t a   f ron ta l   a r ea )  

average half-fr ic t ion  factor  based on measured s t a t i c -  
pressure drop 

average half-fr ic t ion  factor  based on measured s t a t i c -  
pressure  drop  corrected  for  entrance,  exit, momentum, and 
vena- contracta losses 

mass velocity (mass flow per unit  cross-sectional  free-flow 
area) W/A, lb/(hr)(sq ft) 

acceleration due t o  gravity, 4.17X10 ft/hr 

heat-transfer  coefficient,  Btu/(hr)(sq ft)(*) 

vena contracta pressure-loss coefficient 

thermal conductivity of air ,   Btu/(hr) (sq f t )  (%/ft) 

thermal conductivity of plate material, 

8 2 

Btu/(hr)(sq ft)(%/ft) 

length of stack  passage, f t  

power generation, watts 

static  pressure,  l b / s q  f.t abs 

. ." 

L 

. 
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w 
cn 3 
3 

4ex exit  pressure  drop, a / s q  ft 

4Incdn momentum  pressure  drop, m/sq ft 

@Vc vena  contracta  pressure drop, Ib/sq ft 

Q rate of heat  transfer to air, Stulhr 

" 

Q' rate  of  heat  transfer to sir (corrected  for  heat  conduction 

R gas  constant  for air, ft-lb/(lb)(%) 

along  plate},  Btu/hr 

R' electrical  resistance, ohms 

r electrical  resistivity, ohm-cm 

s heat  -transfer  surface area, sq f t 
* T air total  terperature, OR 

Tb air bulk temperature, OR 

% surface  temperature, 41 
- 

t static tenperatwe, OR 
At static-temperature  difference  between  entrance and exit of 

stack, 91 

W air flow, lb/hr 

X distance  from  plate Leading edge, in. 

Z wetted  per3meter of stack passage, f 't  
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!J absolute  viscosity of air, Ib / (h r ) ( f t )  

P density of air, lb/cu f t  

Dimensionlesq parameters : 

Nu Nusselt rider, hDe/k 

Pr Prandtl number, cpp/k 

R e  Reynolds nuniber, D,G/p 

. L  

Subscripts : 

av  average  value 

0 
8 
M 

b physical properties  evaluated  at bulk temperature 

i physical properties  evaluated at i n l e t  temperature . . - - . . - 

2 l o c a l  value 

st stack r 

The following diagraanmatic sketch of the. stack  defines  the  subscripts 
pertaining t o  various s ta t ions:  - 

12 34 
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DERIVATION OF PRESSURE lQsS EQWIONS USED EEEGSET 

A schematic diagram of the  test   section  (stack) showing the various 
stations is given below: 

1 2  34 

Y 
u b Entrance  pressure loss. nPen. - A pressure loss occurs in the flow 

stream in the entrance  region between stations-.l and 2. Assuming no 
f r i c t ion  and f lu id  FncornpressibiIity (p, = p2),the  general energy  equa- 
tion between these  stations cart  be written: 

Also, 

hence, 

Rewriting equation (B2) i n  terms of the mass velocity G and the free- 
f l o w  factor F (defined as AJA,) resu l t s  in: 
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Bit pressure drop 4=. - The mamentun change between s ta t ions 3 

and 4, where an expansion occurs, can be stated as follows: 

Assuming incompressibility,  equation (B4) becomes: 

4 " P 3 - P 4 " 3  @; 

I -I 

As before, A2/A1 = E' and G A 4  = F; therefore, 

0 co 
tc) 
0 

In order t o  write equation (B6) in terms of entrance  conditions a t  sta- 
t ion  1, the following was aasumed: 

p3 P1 - 4 
'3 3 = R ( t l  + At) 

The 4 used i n  equation (B7) m a  approximated by using has t o  
avoid a trial-and-error  solution. The error  incurred by this assumption 
is negligible. * 

From equation (B?) , equation (B6) can now be wri+,ten: 

where 

and 
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Vena-contracta  pressure loss 4vc. - The vena-contracts pressure 
loss was taken  as a factor Kc times  the dynamic pressure i n  the  test 
section  as  given by 

* 

where K, is a function of the free-flou factor of  the t e s t  section; 
values of Kc were  obtained from reference 1. 

.@mentum pressure loss 4-. - Using the  general  momentum eqa- 

tion h d  assuming p1 = p2 result in the  following  equation 

m-2 1 
.!d s 
P Rewriting  equation (B12) with  the aid of equations (B7), (B9), and (B10) 
Y 
kl u 

gives 

1. M c A d a m s ,  William H.: Heat  Transmission.  Second ed., McGraw-Hill 
Book Co., Inc., 1942. 

2. Humble,  Leroy V., Lowdermilk,  Warren E., and Demon, Leland G.: 
Measurements of Average  Heat-Transfer and Friction  Coefficients 
for Subsonic Flow of Air in Smooth  Tubes  at HLgh Surface and 
Fluid Temperatures.  NACA  Rep. 1020, 1951. (Supersedes NACA 
F W s  E7L31,  E8L03,  E50E23, and E50H23.) 

3. Deissler,  Robert G.:  Analysis of Turbulent  Heat  Transfer and Flow 
in the  Entrance  Regions of Smooth Passages. NACA Tw 3016, 1953. 
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. . .  

Figure 5. - Typical temperature gradientxumes for plates Fn downstream 
stack. Average surface tenperature for stack, 665O R; a b  bulk 
temperature, Tbr 528' R; heat-transfer rate to air, Q, 5890 Btu per 
hour; Reynolds number, Re, 25,800; atac? d i n e d .  " 
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'a,av Tb,av 
(stack), (stack), 

OR OR 

600 

400 

200 

100 

60 

40 

Condition 

0 665-672 524-532 Stacks alined; 1/8-h.  gap 
0 664-669 526-532 Stacks alined; 1/32-in. gap 
0 668-675 526-534 Stacks alhed; 1/4-in. gap 
A 670-681 524-532 Second stack on ly  

McAdams reference line 
" Predicted line ( fo r  L/D, = 7.6) 

LU 
4 6 10 200 

c 

* 

Figure 6.  - Average heat -transf er coeff Tcients for downstream 
stack as afCected by gap between stacks. 



28 NACA RM E m 1 1  

600 

400 

60 

$O, 

Ts, av Tb, av - Condition Gap 
(stack),  (stack), spat hg, 

OR gi 
." . . in. 

0 665-672  524-532 Alined 
9 667-673 526-532 Slightly  &dined 

664-669 m - 5 3 2  Alined 1/32 

,P 662-674 524-530 Campletely misalined 1/32 

1/8 
1/8 9 666-683 525-531 Completely misalined 1/8 

9 661-669 524-531 Slightly mlsalFned 1/32 

0 668-675 526-534 Aliried." . 

o\ 668-674 526 -532 Slightly rnisalined 
& 665-668 526-532 Completely misalined 1/P 

1/4 
1/4 

"Predicted l ine  (for L/De = 7.6) 

8 10- 

Figure 7 .  - Average heat-transfer  coefficients for three 
center  plates of downstream stack as affected by plate 
misalinement and gap between stacks. 
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Re 
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(stack) (stack), (plate),  
OR 91 

41, $00 665  648 

41,500 669 649 
41,600 670  64 9 

25,800 665  651 
26, OOO 664 649 
26,100 668  654 
26,100 673 6 56 

41,400  667 651 

Condition 

Alined; l/S-in. gap 
Alined; 1/32-h. gap 
Alined; 1/4-h .  gap 
Downstream stack only 
Alined; 1/8-Fn. gap 
Alined; 1/32-i11. gap 
Alined; 1/4-in. gap 
Downstream stack only 

0 1 2 3 4 
Distance from pla te  leading edge, X, Fn. 

Figure 8. - Local heat-transfer  coefficients f o r  center  plate 
of downstream stack as affected by gap between stacks. 
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* 

180 
I I 0 Uncorrected 

0 Corrected f o r  
- 

20 I- 
O 1 2 3 4 

Distance from leading edge, X, in. 

Figure 9.  - Local  heat-transfer  coefficients  for 
center plate  of downstream6tack,_  with upstream 
stack removed  from tunnel, as affected by"6eat 
conduction along plate .  Average surface temper- 
ature, Ts,av; for stack, 670° R; for  plate 5, 
649O R; average bulk temperature for  stack, 
524O R; Reynolds number, Re, 41,600. 
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Figure 10. - Local values of Nusselt number f o r  center 
p la te  of downstream stack, with upstream stack removed, 
as compared with predicted  curves of reference 3. 
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Re Ts, av T,, EIV Tb, av Cmdit ion 
(stack) (stack) (plate)  (stack) 

OR OR OR 
0 41,400 665 64 8 524 Alined 
13 41,500 66 9 653 526 Slightly misalineti 
A 41,700 666 640 524 Cmpletely misalined 

Distance from leading edge, X, in. 
Figure U. - Ratio of local to average heat-transfer  coefficients  for 

center plate of downstream stack for various degrees of plate m i s -  
alinement and 1/8-inch gap between stacks. 
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Figure 12. - Average half-friction factors for upstream  stack,  based on measured 
values of static-pressure drop, and  measured pressure drops corrected for entrance, 
exit,  momentum.  and  vena-contracta  losses. 
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Figure 13. - Average half-frlction factors for downstream  stack. based on measured 
values of static pressure drop, and measured pressure drops corrected for entrance, 
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Figure 14. - Average half-friction factor for upstream and downstream stacks com- 
bined,  baaed on measured  values of static-presnure drop, and measured pressure 
drops corrected for entrance, exit, momentum, and vena-contract%  losses. 




