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Heat transfer by convections )~ Jas
Jaald) &) iy

Convection

Jaal) a1\ W

Free
convection Forced
(natural) convection
Jaal) i s 4 Jaa @l s
4_\:9....‘)‘9:.:&1 3 Tl A
(A asa —

J

2/27/2020 free conv. MOSUL Tech. Insi.

The aim of studying convection is
sl o gl

How to find heat transfer
coefficient (h)iladl Jis Jelaa ) 4udis
Heat transfer coefficient(h)
depends on & JULY/ Jfeles taini
surface shape s A mhad Jsd
(bl

,2temperature T,s,/ a4

fluid density p ,&ital) 4ls

Thermal conductivity k Juasill Jotza
el s )

Fluid viscosity p gitall 434 4




Heat convection

Hot water Cylinders

out = l

Water pump II l

Radiator fan
Cool water in

™

)

cool air W4

DAY TIME

NV

NIGHT TIME

7 <31 o

J
f
|

Natural or Free Heat |
\ / Forced Heat
Convection ‘. ] 3 Convection (fan
i moved air or pump

moved water)
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Free (natural) convection

dimensionless groups <o iy Luesu gulaal
adl Jaslly 5 41l JUEL Jales cilest

* 1- Grashof number (Gr) o (g gl gl aal
. . Al Jiar ) g g S 230 g8
* The ratio of buoyancy and viscous force. Aa 53 AOGAY daii) ¢l okl 58 (s
o Gr=p? *L® *g *B *At/p> . 4?,9)-“" e Al s (bfliﬂ-“
. . . 3 L a_){)ﬂ QJJ-L{Q&;MI‘ELIS
* p isfluid density kg/m )
* L isthe height for vertical wall m o gl phaV Al B el )
. or average of width (a)and length (b) for horizontal -+ che U‘meﬂi Jaa gl
wall =(a+b)/2 R
_ 2 @) Juaadl
* B —9.8m/s o glall caaad) saadl) Jala
* B isthermal expansion coefficient for o B e pglies cl el g
gases =1/Tf K- ) 4-:!5\-1-&'1 lj.ilhd'l 5 jadl )
L A =dallal) Aadlial) BJ'I)A-“ 4 )
* Tt film temperature is the average of surface and fluid 5,08 A jebdithal) mhaud) 5 ) &
temperatures =(Ts+Tee )/2 K 2/(Alkal) adlall

* At is the temperature difference of surface * Ti» ‘%&10;* 2l g
and fluid = Ts-Tee  or Tee -Ts

* p isthe fluid viscosity kg/m.s 5l ua da_a dic ailall da g3t
J.u.af
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2/27/2020

Example: find out Grashof number (Gr) for air having
temperature (tee)=25% with vertical wall of
temp.(ts)=100° if wall height =3m

Tf =(Ts+Too )/2

Ts=100+273=373k

Too =25+273=298k

Tf =(373+298)/2=335.5k
B=1/335.5=0.0029 K"'

Gr= p? *L3 *g *B *At/p2

p = 0.995kg/m? FROM AIR TABLE

M =208.2*%10"7kg/m.s FROM AIR TABLE at
350K the nearest value to 335.5K

At=373-298= 75K= 75°C
Gr=0.995% *33 ¥9,8 *0.0029 *75 /(208.2*%1077)?
56.97/ 0.000000000433= 131427052795=13*10"°

FOR Gr > 10° the flow is turbulent

free conv. MOSUL Tech. Inst.
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Thermo physical properties of air K
T C H Pr
£/ . g . . thermal
Temp. nsity specific heat viscosity conductivity Prandtl
3 -7 b
(K) (kg/m3) (kJ/Kg.K) | (107kg/m.s) (10°W/m.K) number
100 3.5562 1.032 71.1 9.34 0.786
150 2.3364 1.012 103.4 13.8 0.758
200 1.7458 1.007 132.5 18.1 0.737
250 1.3947 1.006 159.6 22.3 0.72
300 1.1614 1.007 184.6 26.3 0.707
350 0.995 1.009 208.2 30.0 0.700
400 0.8711 1.014 230.1 33.8 0.690
450 0.7740 1.021 250.7 37.3 0.686
500 0.6964 1.030 270.1 40.7 0.684

2/27/2020 free conv. MOSUL Tech. Inst. 6




Thermo physical properties of engine oil
lS ol <o K 6
T C I
P e K thermal Pr vorume
Temp. density |specific heat| viscosity . Prandt! expansion
3 conductivity .
(K) (kg/m3) | (kJ/Kg.K) | (kg.m/s) (W/m.K) number | coefficient
' (10%/K)
260 208 1.76 12.23 0.149 144500 7
280 896 1.83 2.17 0.146 27200 7
300 884 1.91 0.486 0.144 6450 7
320 872 1.99 0.141 0.141 1990 7
340 860 2.08 0.053 0.139 795 7
360 848 2.16 0.025 0.137 395 7
380 836 2.25 0.014 0.136 230 7
400 824 2.34 0.009 0.134 155 7

2/27/2020 free conv. MOSUL Tech. Inst. 7




2-Prandtl number (Pr)

* Prandt| number (Pr): o LI O Al Jhay SO0 a3
is ratio between i) g S Al aadl (gl
g)l;ﬂl

momentum diffusivity and
thermal diffusivity

* Pr=pn *cp [k
* Cp is specific heat at ) JMJ }Jj"éﬁﬂf‘.’bﬁ‘
Ko Jghaadl a dualdl) sa M

constant pressure at fluid daalial) 5 ) all &a

film temperature Tf
J/kg.°c

2/27/2020 free conv. MOSUL Tech. Inst. 8




Example: Calculate Prandtl number(Pr) for the
previous example élwd) Jliall Jiti) o 106 cuun/

* Ans.:

* Pr=p*cp/k

* p=208.2*10"kg/m.s FROM AIR TABLE at 350K the nearest
value to 335.5K

* Cp=1.009kJ/kg’c =1009J/kg’c FROM AIR TABLE at 350K

the nearest value to 335.5K
 k=30.0%107wm’
e Pr=208.2*107*1009/30.0%103=10.700246

* Home work: find out Gr and Pr for the same previous conditions but with
engine oil i uadla s gand] jlaad) Gl g bl i g pudal) ihld Jidd] i g b gli] )8 (5258 s
(i 22l
o 340= 4w Al Aadliall 5 ) jad) da ja o) @lS el ) el g A dis Jadl
o ALl Al 8 adlall O Jgaadl (B ara aaad) aall) Jalea
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How to calculate heat transfer coefficient (h)

* 3-Nusselt number (Nu) : is the ratio between . juoy oz

total heat transfer by convection and the g:f‘ijj‘”' s
estimated conductive heat transfer.
* Nu:h *L/k =olad e
* Then : HEAT TRANSFER COEFFICIENT (h) is
*  h=Nu*k/L 5l Jas Jalas
* k is fluid thermal conductivity at Tf (FROM TABLE
f ! ct yatTf ( ) A sl e
* From experiments (empirical formula) Jsdadl e a5
* Nu=c *(Gr*Pr)" S¥las) *r':l-'-‘ﬁ‘ o
e
* ¢c&n are experimental constants MJL:HU_‘
* For vertical wall 40 gandl o) jaall
*  Nu=0.15 *(Gr*pr)°33 for Gr*Pr 107 to 10" el ) 5 08
sal 4yl

() 3% g )

2/27/2020 free conv. MOSUL Tech. Inst. 10
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Example: Find out the heat transfer coefficient for the vertical wall
described in the previous example then calculate the heat transferred by
free convection for wall area of 9 m?

Ans.

Gr=13*10"

Pr=0.700246
Gr*Pr=91031980000= 9.1*10
Nu= 0.15 *(Gr*Pr)°'33

Nu= 0.15 *(9.1*1079)°"3

Nu= 0.15*%4135=620.2
h=Nu*k/L

h=620.2* 30.0%1073/3
h=18.79/3 = 6.26 w/m3°
Q=h*A*At

Q=6.26*9* (100 — 25) = 4228 w

Home work:

Find out heat transfer coefficient
(h) for a horizontal plate (3m
length,4m width) exposed from
the top to air at temperature
=25% and the plate temperature
=100°.

Note: ( Nu= 0.27*(Gr*Pr)°?®)

dabial 5 ) al) JUEs) Jales cacal
Fadlpapy g 5ia3 lglsh
FT}@.I‘_,JDY'IQALEJ:.A

free conv. MOSUL Tech. Inst. 11




Empirical formulas for free convection

calculations
Surface (Gr.Pr) C n
104to 10° 0.59 0.25
Vertical Plates/Cylinders
10° to 1012 0.13 0.33
Horizontal Pipes 103to 10° 0.53 0.25
5 7
Horizontal Plates Heated 10°to2x 10 0.54 0.25
Face up
or C°o|ed Face Down 2 XIO 7 tO 3 XIO 10 0.14 0.33
Horizontal Plates
Heated Face down or 3x10° to 3x1010 0.27 0.25
Cooled Face up

2/27/2020 free conv. MOSUL Tech. Inst. 12
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Forced convection for flow inside pipes
euliY) SR )9 (32 Uls S o ) Jaad) & L

 Reynolds number (Re) : Ratio between inertial and viscous forces. & (s daadl)

dagilll 368 g ad 30
* Re=V*p*D/u
*  Where
* V isfluid velocity m/s ds i
» pisfluid density at fluid temperature (tee) kg/m3
* Disthe pipe diameter (in case of pipes) m
. is the flat plate length ( in case of flat plates)
* pis the fluid viscosity at (teo) kg/m.s

* The following empirical equations can be used for finding forced convection
heat transfer coefficient (h) for flow inside pipes

* Nu=0.023*Re?%2*pPr°4  when pipe surface temperature (ts) > fluid temp. tee)
*  Nu=0.023*Re?38 *pro.3 if ts < teo ( cooling)

2/27/2020 forced convection mosul technical institute 13



Calculate heat transfer coefficient (h) for air flowing inside pipe
has diameter (D)=0.1m and temperature (ts) of 40° .the air
temperature(tee) =20° and velocity(V) =3m/s

* Ans.

» velocity(V) =3m/s, diameter (D)=0.1m, air temperature(tee) =20% FROM AIR
PROPERTIES TABLES AT Tee =20+273 =293 K =300 K

» p=1.1614kg/m?, u=184.6 *107 kg/m.s, Pr=0.707, k=26.3* 103 w/m.c

* Re=V*p *D/n =3*1.1614*0.1/184.6 * 107

. =18874.3

* Nu=0.023*Re%3 *Pr°%  pipe surface temperature (ts=40°c) > fluid temp.
te0=20%%)

* Nu=0.023 * 18874.3 %2 *0.707 %4

. = 0.023 * 2634.4 * 0.8704 =52.7

* Nu=h*D/k

«  h=Nu*k/D =52.7*26.3*10% /0.1= 13.8 w/m?3c

2/27/2020 forced convection mosul technical institute 14




The overall heat transfer coefficient (U) for
plane walls s/~ JELY A Jalead)
* Overall heat transfer coefficient (U) takes into account the combined
effect of both convection and conduction as follows: J&y SN Jalaall
G sbes 3 g o)Al Juagill g Jaall sadial) il laey) lal Al 5 ) )
=(g A Jaad) 5 Jua gill) claglall £ gana islia
U= 1/( 1/hi+X1/k1+ Xz/k2+1/h°) X1/|(1 Xz/l(z
* h; inner heat transfer coefficient w/m?3.°c

* X1 wall first layer thickness m 1/h; 1/ho

* ki wallfirst layer thermal conductivity w/m.%c

* X2 Isthe wall second wall thickness m
* ki wall 2" layer thermal conductivity —w/m.%

* he outer heat transfer coefficient w/m?.°c

« U overall heat transfer coefficient w/m?2.°c

forced convection mosul technical
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A- Calculate the overall heat transfer coefficient (U)for a plane wall
has 1st layer thickness(x;) =0.2m with thermal conductivity(k:) =3.5 w/
m.%c ,2" layer thickness(xz) =0.025m , thermal cond. (kz) =2.3 w/m.°c
if inner heat transfer coefficient (h;=5.2w/m?3.°c) and outer heat
transfer coefficient (ho,= 35w/m2.%c)

* Ans.
. :1/(1/h;+)(1/k1+ Xz/k2+1/h0)

* 1/h=1/5.2 =0.19 m%%/w  (sla Jes) LI 4yl daglial)

*  Xi/ki =0.2/3.5=0.057 m>.%/W Ao¥/ Abll fungilt dasii & )l jaf da glial
*  Xx,/k, =0.025/2.3=0.01 m2%/w

* 1/h,=1/35=0.028 m%%/w
 U=1/(0.19+0.057+0.01+0.028)=1/0.285=3.5 w/m>°

* B- calculate the transferred heat from the previous wall for inner room
temperature =25%,outer ambient temp.= 0% and wall area of 12 m?

] forced convection Mosul technical
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Applications of Convection Heat Transfer B polxall Olgis
in HVAC&R field (Calculation of LMTD
& U-value, Heat Exchangers, Fins)
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Heat exchangers <.y ey

the purpose of heat exchanger is the transfer of energy (heat) between two
fluids (hot to cold) A M ke Gas )l ) (5) JaI ga &) adl a¥alead) (e iagd)

* Heat exchanger types

1a)

1-Compact heat -
| | lexchangers
z

BN
AVAVAVAY

« 2-Shell and tube heat exchangers (parallel, counter and cross
)E_ﬁaw} forced convection Mosul technical 17
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Heat exchanger (shell and tube) calculations
Qo) g adall aalia Cliba

tc2
¥
1 2
thr — —th2
1 Counter flow shell and tube heat
o1 exchanger steadl L )
__>Q=mh *cph* (th1-t =  mc*cpc * (te1-tc2) =U*A * LMTD
(i Al ) 3 ) aiball
L 3 el w ) —>
Hlad 2 o
Alullkgls — Elaesd $odia g Jsha Cou(cin ga) BA cla s 88

oAkl J/kg.c ALl Gl ¢
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Temperature distribution in counter and parallel flow heat
exchangers (&) Auslaiall ¢4 ) gial) @Al A8 5 ) jad) Cla s 2 g8

@ 2

: T Temperature
3l adl EQJJ

Coiunter flow
Bl puslaia

e
e

Parallel flow
(jﬁiﬂi {éjljln |

Area J 4alwall Area . Aaluall
Jghall . Jkall

forced convection Mosul
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Logarithmic Mean Temperature Difference LMTD
boload) cla o G A i 8 oll) Jas ghal)

LMTD = (At1 -At2)/ In(At1/At2)
Example : calculate LMTD for a counter flow heat exchanger

. having cold fluid enters at 20°c and leaves at 25°
. and hot fluid enters at 70°c ,leaves at 55°c.
20:‘:
1 [0
70%— | ] —— 55%
At =7o-25LD =45%
. 1 At2=55-20= 35%
25%%

forced convection Mosul
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« LMTD= (45-35)/In (45/35)
. =10/ 0.251
. = 39.84%

* Example: find out LMTD for the previous heat exchanger if
the flow is parallel.

. 25°

e 70°% —

. 20°%
Atl =70-20=50° At2=55-25=30°
SIEMITD= (50-30)/ |n(E’i(t."E/E!ﬂ)‘—"‘Qﬁ)?‘”ﬂﬁ;“.')".l:“'"‘f‘“t'*'tE =39.1% 21




HOME WORK

* Question: Parallel flow heat exchanger has hot side fluid cph=
6000j/kg.°c inlet temperature th1=80°,outlet temperature th2=58
with a flow rate mn = 1kg/sec. the cold side fluid specific heat
cpc=4200j/kqg.%% ,flow rate mc=0.6 kg/s, inlet temperature tc1=2°c.

* A-calculate LMTD .

* B-calculate heat exchanger area if the overall heat transfer
coefficient U =300w/m?.%c
 C-ifthe pipe diameter =0.03m find out the heat exchanger length.

Oc

* Question : repeat the above question for counter flow heat
exchanger .

forced convection Mosul technical
institute




Heat transfer in extended surface

—_— { fins ) iic i 500 plasy) 5 5 o) S

j baaal) gddic ) saeld o 5yl ad) cla e (3 2

Q=\I(}|*p*k*Ab)*(tb-t°°)
e

3.&.'9}“ 3as 8 daluwa

5y yad Ui Jakea

Adie 31 Juus i) Jalns

(4 ) phacd) e

forced convection Mosul
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Example: Calculate the heat transferred through rectangular fin
has thickness(t)=0.001m and width (w) of 0.05m ,fin metal

thermal conductivity (k) =64w/m.°c heat transfer coefficient
(h)=5w/m?3.°c, fin base temperature (tb)=180° and
atmospheric temperature(tee)=20°c.

Ans.

Fin base area (Ab)= w*t =0.05*0.001 =0.00005 m?
Fin perimeter (p)= (w+t)*2 =(0.05+0.001)*2 =0.102 m
Heat transfer by the fin (Q) =V(h*p*k*Ab) *(tb-too)
=v5*0.102*64*0.00005 *(180-20)
= 0.04 *160
=6.46 watt

forced convection Mosul
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HOME WORK

Q: A- Calculate Grashof number (Gr) for air at temperature (tee) = 25 °c surrounding a
vertical wall of height (L) =2m and surface temperature (t,) =29 °c.

. B- For calculation of free convection in horizontal walls L= --------- ,

* Q: Find out heat transfer coefficient (h) if Grashof number (Gr)=10%°, Prandtl number
Pr= 0.69, thermal conductivity (k)= 33.8¥10-*w/m°c and height (L)= 2m. If

. (Nu= 0.13 *(Gr*Pr) 033

* Q: Calculate the overall heat transfer coefficient (U) for a plane wall which has 1st
layer thickness(xi) =0.2m, thermal conductivity (ki) =3.5 w/ m.°c . The 2" layer
thickness (x,) =0.025m, thermal conductivity (kz) =2.3 w/m.%c if inner heat transfer
coefficient (h,=5.2w/m?>.°c) and outer heat transfer coefficient (h_ = 35w/m?.%).

* Q: Calculate Nusselt number for air at temperature =27°c flowing inside pipe of
diameter (D) =0.3m at a velocity (v)=10m/sec if the empirical formula for this forced
convection case is: Nu= 0.023*Re®-® *pr°.?
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