
ChE 306: HEAT TRANSFER 
FALL 2010   

Homework #9: Ch 10 & 11 
(80 points + 15 bonus points) 

DUE: FRIDAY, NOVEMBER 12 
 
1. A 15 oC copper rectangular surface measuring 0.6 m by 1.5 m and coated with Rain-X is oriented horizontally 
above a pool of saturated steam kept at a pressure of 0.51 bars so that it condenses in a dropwise form. 
A. What is the rate of heat transfer from the vapor to the copper surface? (W) 
B. How fast does liquid water form (use hfg’)? (kg/s) 
C. If the Rain-X were stripped away, would the heat transfer rate increase, decrease or stay the same? Why? 
 
A. Here, dropwise condensation has a convection coefficient h, determined by equations 10.49 or 10.50. 
Because the steam is at 0.51 bars (sub-atmospheric pressure), Tsat is below 100 oC, so equation 10.49 applies. 
To find Tsat, use the steam table A.6. Here, at 0.51 bars, the saturation temperature is 355 K (approx 82 oC). 
 
hDC = 51104 + 2044 * 82 = 218712 W/m2-K 
 
q = h A (Tsat - Ts)  (switched order to give a positive q for heat transferred from saturated steam to surface) 

 = 218712 W/m2-K * (0.6 * 1.5 m2) * (82 - 15 K) 
 = 1.32 * 107 W 
 
B. What is m-dot? m-dot = q/hfg’ = 1.32 * 107 W / (hfg + 0.68 cp,l (Tsat - Ts)) 
From Table A.6:  at Tsat: hfg = 2304 kJ/kg              (or 2304000 J/kg) 
   at Tfilm cp,l = 4.184 kJ/kg-K         (or 4199 J/kg-K) 
 
m-dot = 1.32 * 107 J/s / (2304000 J/kg + 0.68 (4184 J/kg-K) (82-15 K)) 
m-dot = 5.3 kg/s 
 
C. If there were no rain-X, the surface would be more wettable, and drops would adhere to the surface longer, 

reducing the value of h. Thus the heat transfer rate (and the rate of condensation) would decrease. 
 



2. A fire-tube boiler uses the hot products of a combustion reaction (flowing in the tubes) to boil water flowing 
over the outside of the tubes. When the boiler was first installed U was found to be 400 W/m2-K. After one year, 
both sides of the tubes have become fouled. Rf,i” = 0.0015 and Rf,o” = 0.0005 m2-K/W. Should the boiler be 
cleaned to remove the fouling? You may consider the resistance to conduction through the pipe to be negligible. 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The answer is YES! A reduction in U by nearly HALF can cause big heat transfer problems!



3. Work Incropera and DeWitt Problem 11.16 
 (C) Calculate the required length of the heat exchanger if operated in co-current flow, and 
 compare your answer to (A). 
 

 



 
 
 
 
 
 
 
 
 
 

C. The only thing that changes from part A is the dTLM. 
For co-current flow the inlets for both fluids are on the same side... 
dTLM = (160 - 20) - (140 - 80) / ln (160-20)/( 140-80) = 94.4 C 
 
Following from above, L = 1.01 m (it’s not incredibly different- just an extra 5 cm, but counter flow still 
provides better heat transfer). 
 



4. Water enters a shell and tube heat exchanger at 45,500 kg/h and an inlet temperature of 80 oC. The shell and 
tube exchanger has 2 shell passes and 8 tube passes with a total outer surface area of 925 m2. The water is heated 
to 150 oC using heated air at 350 oC. The air exits the heat exchanger with a temperature of 175 oC.  
A. Determine the flow rate of air in the heat exchanger, assuming perfect insulation. 
B. Determine the overall heat transfer coefficient, Uo, for this process. Use the ε-NTU method and Tables 11.3 
and/or 11.4. 
 



5. A shell and tube heat exchanger with 2 tube passes and 1 shell passes is used to heat water (shell-side) with 
engine oil (tube-side). There are 100 tubes per pass. The tubes are made of copper and have an inside diameter 
of 0.95 cm and outside diameter of 1.15 cm. The tubes are perfectly clean on the inside, but have a fouling 
factor on the outside of Rf,o” = 0.002 m2-K/W. Water enters the shell at 1.2 kg/s at 31 oC and exits at 67 oC. Oil 
enters the tube-side at 112 oC and a flow rate of 1.5 kg/s. ho for the water = 134 W/m2-K and hi = 46 W/m2-K. 
A. What is the rate of change of internal energy of the water? 
B. What is the outlet temperature of the oil? 
C. Determine UA in terms of L, an as-yet undefined length of the tubes.  
D. How long must the tubes be per pass to achieve the required heat transfer? Use the LMTD method with the 
fudge factor, F. (see class handout for graphs needed!) 
 
 
A. dU = m cp (Tout - Tin) = 1.2 kg/s * cp @ Tmean = 49 oC * (67-31 C) 
From Table A.6, cp at 49 C (or 322 K) is 4.181 kJ/kg-K or 4,181 J/kg-K 
thus, dU = 1.2 kg/s * 4181 J/kg-K * 36 K = 180,600 W. 
 
B. matching dU1 = - dU2 
180,600 W = m cp,oil (Tin - Tout) = 1.5 kg/s * cp,oil at mean T J/kg-K* (112 - To K) 
Slight problem here. Since we don’t know To yet, we’ll need to guess a To, determine Tmean, look up cpoil, and 
then solve for To. Hopefully we’ll be close, otherwise the problem might require iteration. 
Let’s guess To = 92 C, so Tmean = 102 C (375 K). 
By interpolation in Table A.5, cp = 2222 J/kg-K. 
 
plugging in, 112 - To = 180600 W / (1.5 kg/s * 2222 J/kg-K)  
 
To = 57.8 C. 
This is a bit off of our guess, so let’s iterate one time. 
Tmean = 112 + 58 / 2 = 85 C (358 K) cp = 2152 J/kg-K 
Now, To = 56.0 C This is satisfactory. 
 
C. 1/UA = 1/hoAo + Rfo/Ao + ln (r2/r1)/2 pi L kcopper + Rfi/Ai + 1/hiAi  (term 4 = 0, no Rfi) 
factor out L from each of the terms & flip. 
1/UA = 1/L * {(1/134 W/m2-K*pi*0.0115 m) + (0.002/pi*.0115) + (ln (0.0115/0.0095)/2*pi*401) + 
1/(46W/m2-K*pi*.0095m)} 
1/UA = 1/L * (.206 + 0.055 + 7.5 * 10-5 + 0.728) = 0.99 / L 
or UA = 1.01 L 
(or if you included the number of tubes and number of passes as part of the area, then UA = 2020 L) 
 
D. q = UANTNPF dTLM 
 = 1.01 * L * 100 * 2 * “F” * {(112-67) - (56-31)}/ ln ((112-67)/(56-31)) 
Using the Figure from the handout for 1 shell, 2 tube passes, 
to fing F (FG), need Z and eta. Z =  (112 - 57.8) / (67 - 31) = 1.51 
eta = (67 - 31) / (112 - 31) = 0.44 
For 1 shell & 2 tube passes, F is approximately 0.6 
q = dU = 180,600 W = 1.01 * L * 100 * 2 * 0.6 * 34.0 oC (dTLM) 
Thus, L = 43.8 m 
This is pretty long.... probably needs a redesign, perhaps change to 4 or 8 tube passes, or increase the number of 
tubes. 
 
 
 



6. Work Incropera and DeWitt 11.38. Use the ε-NTU method. 
 





7. Open heart surgery is normally done in hypothermic conditions, where the patient’s blood is cooled before the 
surgery and re-warmed afterward. A proposed concentric tube counterflow heat exchanger is designed to have a 
length of 0.5 m and inside tube diameter of 55 mm (thin-walled), and has an overall heat transfer coefficient, U, 
of 500 W/m2-K. Given that the blood enters the heat exchanger at 18 oC and 0.05 kg/s, and water enters the 
annulus at 60 oC at 0.10 kg/s,  
(A) What is the temperature of the blood exiting the exchanger?  
(B) How long would the exchanger need to be to achieve a blood outlet temperature of 37 oC? 
You may assume the mean temperature of the water to be 55 oC, and the heat capacity of the blood to be 3500 
J/kg-K. 

 
 
 
 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 



8. The shell and tube heat exchanger below is being retrofit to heat a feed stream of ethylene glycol, using 
supplied plant water that is available in excess.  
 

For the specifications given, determine: 
(a) the required mass flow rate of the plant water through the exchanger, m4. 
(b) the number of tubes per pass in the exchanger, NT. 
(c) the temperature of the recombined plant water streams, T5. (you may assume cp is constant so that 
 m4 (T5-T4) = - (m3-m4) (T5-T3). 


